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Characteristics of cosmic-ray hadronic interactions in the l00_1017 eV range are studied by
observing a total of 429 cosmic-ray families of visible energy greater than 100 TeV found in
emulsion chamber experiments at high mountain altitudes, Chacaltaya (5200 m above sea level)
and the Pamirs (4300 m above sea level). Extensive comparisons were made with simulated
families based on models so far proposed, concentrating on the relation between the observed
family flux and the behaviour of high-energy showers in the families, hadronic and electromag-
netic components. It is concluded that there must be global change in characteristics of hadronic
interactions at around l0b~ eV deviating from those known in the accelerator energy range,
specially in the forwardmost angular region of the collision. A detailed study of a new shower
phenomenon of small-pT particle emissions, PT being of the order of 10 MeV/c, is carried out
and its relation to the origin of huge “halo” phenomena associated with extremely high energy
families is discussed as one of the possibilities. General characteristics of such super-families are
surveyed.
1. Introduction
The present paper covers a study of the characteristics of very high energy
cosmic-ray interactions obtained by observing cosmic-ray families recorded in
emulsion chambers at high mountain altitudes: Chacaltaya and Pamir. At present,
an analysis is made of the recent five series of the “Pamir joint chambers” by the
Pamir—Chacaltaya collaboration groups, resulting in a step-wise improvement of
the statistics of the observed high-energy cosmic-ray families in Chacaltaya and
Pamir experiments.
The joint-chamber programme started after agreement had been reached be-
tween both the Chacaltaya and Pamir groups at the “1st International Symposium
on Super High Energy Cosmic-Ray Interactions”, Nakhodka, 1980 [1]. The pro-
gramme commenced with the construction and exposure of a small test chamber at
Pamir (4300 m above sea level) in 1981, and since then the scale of the joint
chambers has grown steadily with time. During the large emulsion-chamber
experiments at high mountain altitudes, Chacaltaya and Pamir, the results have
been reported and discussed at various occasions at International Cosmic-Ray
Conferences and International Workshops on “Very High Energy Cosmic-Ray
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Interactions”. This report will cover those works, together with the most recent
summary of the collaboration.
The main purpose of the programme is to study the characteristics of cosmic-ray
interactions at extremely high energy, say E0> 1015 eV, through observation of
“family phenomena” with increased statistics in the scaled-up emulsion chambers
at high mountain altitudes. At the moment, this energy region is yet to be reached
by future gigantic accelerators, and there are indications pointing towards an
unknown feature of the hadronic interaction in such a high-energy range. Cosmic-
ray discoveries of unusual phenomena, such as the “Centauro species” in the
Chacaltaya experiments [21and the Huge “halo” phenomena found in both
experiments, Chacaltaya and Pamir [31,seem to deny any adequate explanation
based on a simple extrapolation of our present knowledge on hadronic interactions
so far obtained through accelerator experiments, but seem to indicate some global
change of characteristics in particle productions at such a high energy. Confirma-
tion and understanding of these unusual phenomena require not only further
improvement in statistics of cosmic-ray events at extremely high energy by scaled-up
exposure, but also further study of the events in a variety of chamber structures at
a variety of altitudes. Such consideration led us to the decision to make a joint
exposure of mainly the Pamir-type carbon chambers which bear excellent effi-
ciency for the detection of the hadronic component in family phenomena.
The total exposure of the “joint chambers” at the Pamirs amounts to about 530
m
2 yr up to now, and in total 173 cosmic-ray families of visible energy not less
than 100 TeV have been found with a threshold of 4 TeV for shower detection. In
the present study of cosmic-ray hadronic interactions we include the experimental
results of 135 high-energy families obtained through a 500 m2 yr exposure of a
part of the Pamir carbon chambers [4] for which the analysis has been made with
the same criterion as the joint chambers, and 121 families from the Chacaltaya
two-storey chambers of about 300 m2 yr, in order to make mutual comparisons
among the three independent experimental results and make the study conclusive
by increasing the statistics. Thus, the total statistics of families of visible energy
greater than 100 TeV amount to 429 from these three experiments. The experi-
mental procedure of the joint chambers is described in sect. 2.
The first study of common interest for both groups addresses the question
whether the global characteristics of cosmic-ray interactions can be consistently
understood by some simple extrapolation of our knowledge from lower-energy
accelerator experiments, or that any qualitative change can be found in the nature
of the interaction. The study has been carried out by comparing the observed
families with the simulated ones constructed on the basis of already published
algorithms, all of which are based on the extrapolation of knowledge acquired in
the accelerator energy range. The comparisons are focused on the relation be-
tween the observed cosmic-ray family flux and the power indices of the superposed
energy spectra of high-energy showers in the families. The results of the compar-
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isons and their physical significance will be presented in sects. 3 and 4. The
agreement among the three experiments was found to be satisfactory and none of
the simulation models succeeded in reproducing the experimental results on the
relation between the two quantities, indicating there must happen to occur a
change in the global characteristics of the hadron interaction in the very high
energy cosmic-ray range. Among the possible facts causing such a discrepancy
between observations and simulation calculations, one of the most significant
features was found to be the frequent observation of families of a rich hadron
composition as compared with the electromagnetic one, gamma-rays and/or
electrons, on the experimental side with respect to the multiplicity and the energy
fraction which hadrons occupy in the family energy. Since the majority of these
high-energy showers are expected to originate directly from secondaries of the
parent interactions, a study was made of the nature of shower-inducing particles by
their transition behaviour in the chamber material.
The second topic concerns the high-energy shower clusters of a peculiar nature,
observed in the joint chambers. They have a small lateral spread of an order
characteristic of atmospheric electromagnetic phenomena and yet an anomalously
penetrative power. They are observed isolated, alone, or accompanied by only a
small number of distant showers with negligible small energies, showing that they
represent nothing other than the direct continuation of incident cosmic-ray baryons
through a new type of fragmentation process. The basic properties of these special
shower clusters are described in sect. 5.
In sect. 6 a brief summary will be given of a systematic study of such small-spread
central shower clusters in Chacaltaya two-storey chamber, based on a detailed
observation of constituent shower cores in nuclear emulsion plates under a
microscope [5]. The results of the study show that there exist two types of shower
clusters, called the “single-cluster” (or uni-halo) type and the “multi-cluster” (or
multi-halo) type. Among these, the single-cluster type is found to be a building
block of shower-cluster phenomena, and it displays a new feature of particle
production: the production p~/t is small, of the order of 10 MeV/c, and the
multiplicity of the original particle production is small, a few on average. These
shower clusters are closely related with the origin of huge “halo” phenomena and
considered to be nothing other than the precursory stage of “halo” phenomena,
where both energy and production altitude are insufficient. If one boosts such
shower clusters up to much higher energies and to much higher interaction
altitudes and supposes the rapid atmospheric degradation processes during the
passage through the large amount of atmospheric material, then we will have
characteristic halos.
The third topic pertains to the analysis of the cosmic-ray families in the
extremely high energy region, ~ not smaller than 2000 TeV. A family in this
energy region is frequently accompanied by one or more “halos”. A “halo” is a
morphological name given to a certain object occupying an area on an X-ray film
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with nearly uniform photometric density (darkness), having the dimensions of
several millimeters to a few centimeters in diameter and showing apparent differ-
ent feature from the ordinary shower spots. Since the first discovery of the
spectacular “halo” event named “Andromeda”, on the X-ray films of the Chacal-
taya chamber no. 14 in 1969 [61, the statistics of such halo events have steadily
increased as the emulsion chamber experiments at high mountain altitudes pro-
gressed, and we found that their core configurations have turned out to appear in
a wide variety. In sect. 7 we shall present the experimental results on three “halo”
events of very high energies in the joint chambers and discuss the origin of such
“halo” phenomena in relation to the nature of shower clusters studied in sects. 5
and 6. We have found that the phenomena have now become general characteris-
tics of the fragmentation phenomena of the forwardmost angular region of the
hadronic collision. Characteristics of the extremely high energy hadronic interac-
tions generating a superfamily are discussed on the basis of our observational data
on a large group of shower spots on an X-ray film surrounding the central “halo”,
referring to the composition and the lateral spread of shower-inducing particles.
Sect. 8 will be devoted to discussions and a summary of the experimental data.
The results of our present study indicate that the characteristics of very high
energy nuclear interactions, near around or exceeding 10°~eV, must be novel and
cannot be accounted for with a simple extrapolation of our present knowledge
obtained through accelerator experiments in the lower energy region. It is espe-
cially remarkable that most of this possible novel nature of the hadronic interac-
tion is seen in the forwardmost small-angular region where the cosmic-ray observa-
tion covers in its full potentiality.
2. Experimental procedure
2.1. PAMIR JOINT CHAMBERS
The “Pamir joint chamber” consists of chambers of two types. The first is the
“lead chamber” which is made up of 35 cm of uniform lead, in which Japanese and
Soviet X-ray films are inserted alternatively under every 1 cm of lead. The second
is the Pamir standard type “carbon chamber”, made up of the upper part, called
111-block”, containing 6 cm of lead, the lower part, called “H (hadron) block”,
containing 5 cm of lead, and a 60 cm (1.8 c.u.) carbon layer in between. Table I
gives a resume of the exposures of the joint chambers. Fig. I shows a schematic
view of the Pamir-type “carbon chamber” and Chacaltaya two-storey chamber.
Both types of chambers have sufficient thickness for detecting with good efficiency
the high-energy hadrons in a family. For example, the thickness of a Pamir-type
“carbon chamber” amounts to 1.7 times Ageo, the geometrical collision mean free
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TABLE 1
Summary of exposures of the Pamir Joint chamber. ( ): number of halo events, (I’): halo events under
analysis, (~):Centauro-event
Chamber Type Area Exposure Analyzed No. of families
(m2) (m2yr) (m2yr) (~E~1~ 100 TeV)
P1 small test
P2 C 48 48 48 13+0)
P3 C 72 72 72 15
P3’ C 158 316 316 99-t-(2)+(1
5)
4 thick Pb 1 18
P5 C 120 240 96 42+(2t)
P6 C 75 under exposure
530 169+(5)+(1*)
path of ordinary cosmic-ray baryons, which assures the detection efficiency to be
over 70%.
Among the joint chambers, P2, P3, P5 shown in table 1 contain the Soviet
X-rays films (RT6M) and Japanese X-ray films (N-type and #100-type), inserted
alternately under 3, 4, 5 and 6 cm of lead from the top of the 1-block and under 2,
3, 4 and 5 cm of lead from the top of the H-block. Chamber P3’, constructed by
the Soviet group through a special extra expedition in October 1983, contains only
Japanese photo-sensitive material, inserted under 4 and 6 cm of lead and under 3
and 5 cm of lead from the top of the 1-block and the H-block, respectively. As for
the Japanese part of the photo-sensitive material, they were sent back to Japan
after exposure and processed there.
2.2. SHOWERS IN THE PAMIR JOINT CHAMBERS
After processing, the routine naked-eye scanning for shower spots were carried
out on all the X-ray films in the 1-block and H-blocks. A group of spots due to a
bundle of parallel showers was selected and recorded as due to a “cosmic-ray
family” which started from one and the same primary cosmic ray, and its target
map was constructed at every observational layer. When we identify a group of two
or more sufficiently high energy showers having their respective clear spots in both
the 1-block and the H-block layers, it is safe to say that the mutual correspon-
dence is established between the 1-block part and the H-block part of the family.
2.3. IDENTIFICATION OF SHOWER ORIGIN AND ENERGY MEASUREMENT OF SHOWER
SPOTS
The darkness D of individual shower spots of families on every X-ray film is
measured by applying the microphotometric method, separately in the Soviet and
the Japanese groups. A cross check on every calibration has been confirmed. The
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darkness measurement of the shower spots on the Japanese side was done with an
ordinary 200 ~rm x 200 i~msquare slit, as is usual for N-type X-ray films used in
the Chacaltaya chambers. The measured darkness of the spots due to each shower
is plotted against depth, t, throughout the depth of the chamber material, and the
potential maximum darkness, ~ of the shower is estimated. The relation
between energy and D~1.1~is calibrated with the one measured by the trackcounting
method in nuclear emulsion plates under the microscope for showers observed in
so-called “calibration chambers”, i.e. uniform-lead chambers, in which the nuclear
emulsion plates are inserted in contact with X-ray films under the same layers.
After such a calibration it was found that the sensitivity of X-ray films in joint
chamber P2, P3, P4 and P5 was almost the same as that of the Chacaltaya
chambers no. 19, no. 21 and no. 22, while that of N-type films of joint chamber P3’
was lower by a factor of approximately 1.9 in energy scale, and this moderate
sensitivity has made feasible the separate measurement of individual shower cores
in a closely collimated bundle of showers as is discussed in sect. 5.
Showers observed only in the 1-block give us the darkness in N-type X-ray film
at the depths 4 and 5 cm for chamber P2, and 4 and 6 cm for the chambers P3, P3’
and PS, respectively, and we call them showers of atmospheric gamma rays and
/or slower of electron-pair origin (abbreviated as “gamma rays”). Out of the set of
theoretical transition curves D vs. t of showers of electron-pair origin, the best fit
is selected out by choosing the energy value, E, and the first pair-creation depth,
~t, in the most suitable way.
Shower spots found only in the H-block are identified as due to showers of
hadronic origin (abbreviated as “hadrons”). The energy measurement is done in
the same way as in the case of gamma rays. The energy is the observable part ~
transformed into gamma rays at the local interaction of a hadron of energy Eh, i.e.
E~~
1= k
5Eh. In the following, E
1~>denotes the visible energy E~of gamma rays
and ~ of hadrons.
There are cases where dark spots due to one and the same high energy shower
are recorded on X-ray films of both the 1- and H-blocks, indicating a strong
penetrating power. This kind of shower may be a very high energy gamma ray, or a
hadron which has made a local nuclear interaction in the material of the F-block
itself. In such cases, the identification of the shower-inducing particle, whether it is
a gamma ray or a hadron, is made by comparing the darkness transition through-
out the depth of the chambers with the theoretical one of pure electromagnetic
showers in a uniform lead chamber. If the darkness in the H-block, continued from
the 1-block, is greater than that expected from the theoretical curve in uniform
lead, which is fitted by a computer algorithm using the observed darkness in two
different levels of the 1-block, they are called “hadrons”.
Since there is a 60 cm (i.e. 1.8 c.u.) carbon layer between the 1- and H-blocks,
we would expect a break there of the experimental transition curve when we
compare it with the case of uniform-lead layers. A simulation calculation of the
:.~‘....4 ~Ip~ :~ 9
~
____ ~J I
~
UIu~ 1~u~I:i
Lr-~
0
.0
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shower transition was carried out for the case of a gamma ray incident upon the
1-block, in order to gauge the magnitude of the fluctuation and the magnitude of
the break in shower development for different energy ranges, taking into account
the so-called LPM effect (Landau—Pomeranchuk—Migdal effect) and the practical
structure of the Pamir joint chamber, based on the algorithm completed by
Okamoto and Shibata [7]. The results will be shown in appendix A in some detail.
Here we present, as an example, the result of the calculations on the average
behaviour of the transition of the spot darkness in the Pamir joint chamber for the
case of an e~e pair entering the top of the chamber. Fig. 2a shows the average
transitions curves of the spot darkness in a 200 ~m x 200 ~m square slit for three
energy regions: 10 TeV, 20 TeV and 50 TeV in the cases where the N-type films
have the sensitivity of joint chamber P2 and P3. In the case of joint chamber P3’
where X-ray films have a lower sensitivity, the calculation was made according to
the scaling law of the film sensitivity. The effect of the break in the transition curve
due to the interposed carbon layer can be seen in the data of the first layer of the
H-block. As is shown in appendix A, the fluctuation of the magnitude of the break
is large for gamma-ray-induced showers, depending on the stage of shower
development within the upper chamber. If a shower starts its development earlier
in the F-block, the effect of the break is large, since high-energy electromagnetic
particles dissipate their energy rapidly by cascade processes and get scattered away
during passage through 60 cm of carbon layer. It is also found that there is no case
in which the darkness of the shower spots in the H-block exceeds those expected
from the theoretical transition curve in homogeneous lead which reproduces best
the experimental darkness of the spots in two different depths of the 1-block by
the theoretical curve. In fig. 2b we present some examples of transition curves
from experiment which could not be explained as a simple fluctuation from the
cascade shower of pure electromagnetic origin, but which is to be identified as a
shower originating from a “hadron”. This leads us to believe that our criterion for
the identification of the origin of the shower-inducing particle, whether it is a
hadron or a gamma ray, works well in a statistical sense.
2.4. CLASSIFICATION OF SHOWERS IN THE l’-BLOCK: ‘~DECASCADING”
Following the ordinary point of view on the hadronic interaction of cosmic-ray
particles with atmospheric nuclei and the subsequent atmospheric propagation,
most of the observed showers in the F-block must be “gamma rays”, and the
remaining minor part might be attributed to local nuclear interactions of the
hadronic component, considering the present structure of the Pamir carbon
chamber. Then, the majority of single-core showers without any parallel showers in
the very neighbourhood must stand mostly for the direct arrival of gamma rays via
the decay of ir° mesons produced by nuclear interactions in the atmosphere.
When gamma rays are produced at higher altitude, they will have suffered
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F-block I I H-block
carbon
1.01
0.1 ~ i~ l~
depth (c.u.)
r-block I H-block
carbon
depth (c.u.)
Fig. 2. (a) Average transition curve of spot darkness (200 /zm x 200 ~zmsquare slit) for three different
energies in the Pamir carbon-type joint chambers obtained from simulation calculations under the
algorithm developed by Okamoto and Shibata. The shower is assumed to start from the e e pair.
Curves show the cases (‘): 10 TeV, (o): 20 TeV and (A): 50 TeV, respectively, for the films with
sensitivity of N-type X-ray films of P2, P3 and P5. A noticeable break of the transition curves is seen
especially for lower energy showers, which is caused by 60 cm of carbon placed between the r- and
H-blocks. Dotted curves are for the case of uniform lead. (b) Examples of single-core showers in the
[‘-block identified as of hadronic origin. Curves are best-fitted theoretical transition curves for
gamma-ray incidence.
atmospheric cascade processes and will be observed as a local shower cluster of
small spread characterized by a scale of the order of a Moliere unit. The algorithm
of clustering procedure from the observed family data back to the original gamma
rays was developed in each group of mountain experiments [81, and is usually
called the “decascading” procedure. The constant for such a clustering procedure
of “decascading”, K~,was studied with artificial atmospheric electromagnetic
cascades and the value K~= 11 GeV m (i.e. 11 TeV . mm) will be used hereafter
at the Pamir altitude as a result of this study. Then, the showers observed in the
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1-block are classified into two categories; (a) single-core showers and (b) shower
clusters, representing gamma rays arriving directly and gamma rays from atmos-
pheric electromagnetic cascades, respectively.
3. General properties of cosmic-ray families. Experimental results and comparison
with simulation calculations
3.1. FAMILY FLUX
The total exposure of the carbon-type Pamir joint chambers amounts to about
530 m2 yr as is given in table 1, yielding 175 cosmic-ray families with ~E~k ~ 100
TeV, where ~ means the sum of the visible shower energy in a family when the
energy of detection threshold, Elh, is set to 4 TeV. The study will start from the
gamma rays in a family, because the gamma-ray part has already been studied
repeatedly and the comparison with the published data can give a check on the
present experimental results.
Fig. 3 shows the integral spectra of the family energy in the form of the total
energy of “gamma rays”, ~E
7. In this figure, the closed circles represent the 175
families in the joint chamber, while the open circles represent the result obtained
through a systematic study of a part of the Pamir chambers of 400 m
2 yr exposure
10? I I I
primary
~ 101
C
model-3
E
~ ~
5.~~,,—modeI-1
10 i02 l0~ i0~ 10~
~E)’(TeV)
Fig. 3. Integral spectra of the total gamma-ray energy of a family, ~E5. Closed circles represent 175
families in the Pamir joint chambers of 530 m
2’yr exp sure and open circ e represent a part of the
Pa ir chamb rs 141 of 400 m2yr exposure. The primary flux of cosmic rays with normal chemical
composition and the results from simulation calculations with three models of hadronic interactions are
shown.
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[4] for which the scanning and the measurements are done meeting the same
criteria as with the joint chamber. The agreement between the two is satisfactory
and both spectra are well approximated by the power law in integral form given as
F(~~E5) =F0(~E7/100TeV)~ (1)
with a common index t = 1.25 ±0.1, shown by a straight line in the figure. The
shape of the spectra agrees well with the Chacaltaya result [2]. The absolute
frequency of the family measured with the total energy of the gamma rays greater
than 100 TeV, F~,is calculated as 0.37/rn
2 yr sr at Parnir (610 g/cm2 of air) and
0.61/rn2 yr• sr at Chacaltaya (540 g/cm2 of air) after the necessary corrections
due to experimental conditions. The F
1) value at Pamir has been extensively
studied and concluded as 0.35/rn
2 yr~sr by the Parnir group on the basis of a
systematic study of 1 000 m2 yr exposure, giving good agreement with the present
results.
Also shown in fig. 3 are the expected spectra of the total energy of the gamma
rays, EE
5, for families obtained by simulation calculations using the three types of
hadronic interaction models so far published. In what follows a short account will
be given of the algorithms of each model of hadronic interaction here used and the
results of the calculations.
3.2. BRIEF ACCOUNT OF THE MODELS IN THE SIMULATION CALCULATIONS
In general, cosmic-ray families observed at high mountain altitudes are consid-
ered to be the result of a superposition of complicated atmospheric effects, nuclear
and electromagnetic, which start from the primary interaction high in the atmos-
phere. Consequently, large dispersions are expected in the observed quantities for
individual families caused by supposed fluctuations of the position of the main
interactions, and the inelasticity of the collision for energy release, etc. Since the
beginning of family studies at high mountain altitudes, a number of simulation
studies have been carried out by various authors in order to investigate the
dominant characteristics of hadron interactions at extremely high energy in such
fluctuation problems. The general view on such family observations has been
summarized in refs. [1,2].
It is well known, through these works, that there exist two main factors which
govern the features of the simulated families. One is the chemical composition of
the primary cosmic rays and the other is the model of particle production by
hadronic interactions.
Throughout this work, we choose the normal chemical composition for primary
cosmic rays [9]. A recent result from direct observations of primary cosmic rays by
the JACEE group [10] is that the energy spectrum of the primary cosmic-ray
proton extends up to about 1015 eV without changing the power index and thus
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TABLE 2
Assumed composition of primary particles. HDSQI: Heavy dominant model [11]
Model E11 (eV) Proton (%) Alpha (%) CNO (%) Heavy (%) Fe (%)
normal 10° 42 17 14 14 13
composition l0’~ 42 13 14 15 16
HDSQI iO° 18 10 18 15 39
(Mt. Fuji) 100~ 14 8 17 14 47
does not give any indication that the chemical composition is changed rapidly
around the primary energy up to, at least, 1014 eV. Since the dominant compo-
nents of the primary cosmic-ray particles which yield high-energy cosmic-ray
families observed at high mountain altitudes with a high detection threshold
energy as ET ~ 4 TeV are considered to be proton and/or alpha particles, the
above-mentioned JACEE results seems to indicate that there is no reason for the
chemical composition of the primaries to sharply deviate from the normal composi-
tion at the region around 1015 eV or higher for the present purpose. In table 2, we
summarize the chemical composition of the primary cosmic rays used in the
present calculations. Also presented in table 2 is the so-called “Fe-dominance
composition” of the Mt. Fuji group [11], introduced and used for their family
analysis, without any plausible observational support, aiming to get a fit for the
observed family flux preserving the hypothetical scaling nature in particle produc-
tion in the cosmic-ray energy range.
In fig. 3 we present the energy spectrum of the primary cosmic rays at the top of
the atmosphere in integral form by the line which follows the formula
I( >E0) =IO(E))/l0eV), (2)
where J~= 50 ±20/m
2 y~-~sr at E
0 = 1015 eV obtained from air-shower experi-
ments. The power index y increases gradually from y = 1.8 (in integral form) at
l0’~eV to higher energies.
As for the model of multiple particle production, we took here the following
five models thus far proposed, and performed calculations on the atmospheric
propagation of cosmic-ray families, comparing the results of these models with
each other and confronting them with experimental data.
Model 1. UA-5 Monte Carlo program [12]. The UA-5 Monte Carlo program
GENCL + DIFFR is used in our calculation. The basic mechanism of particle
interaction is the production of hadron clusters and their decay, and parameters
are chosen so as to reproduce UA-5 results as fairthfully as possible. For simplic-
ity, we here assume all the secondaries to be pions. The diffractive interaction
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cross section is taken here to be 19% of the total inelastic cross section following
the UA-4 results [13]. 523 examples of LE~~ 100 TeV are simulated.
Model 2. F00 algorithm developed by Wrotniak et al. [14]. According to the
authors, the nature of particle production scales in the rapidity distribution in
lower energies, 1 TeV of ISR energy range, and the gradual change of the
rapidity distribution is taken into account to give agreement with the results of the
Sp~Scollider experiment at CERN (100 TeV). The scaling character in the
x-distribution of the secondaries produced is strongly violated as the interaction
energy increases, as will be shown in fig. 7b. 305 examples of LE~~ 100 TeV are
simulated.
Model 3. MSF model developed by the Pamir group [15] and used for the
family analysis since the beginning of the Pamir experiment. Particle production
essentially follows a scaling law in the fragmentation region, with the break in the
small rapidity (i.e. central) region. 427 examples of LE~1~~ 100 TeV are simulated.
Model 4. Traditional two-fire ball model in cosmic-ray study. 577 examples of
~‘ 100 TeV are simulated.
Model 5. MQ Monte Carlo program recently developed by the Pamir group
[16]. The name MO originates from the fact that the global behaviour of particle
production resembles the quark—gluon string model of the pomeron, based on the
1/N expansion in OCD, proposed by Kaidalov and Ter-Martirosian [17]. Particle
production is of a quasi-scaling nature and it describes well most of the collider
data. A unique choice of the algorithm is to take a large inelasticity factor, K, at
the collision according to the QCD model for nucleon—nucleus interactions calcu-
lated by Shabelsky [18]. As a result, the values of K increases from 0.66 (0.62) at
100 GeV to 0.81 (0.84) at l0~TeV for the nucleon (pion)—nucleus [N
14] interac-
tion. Such a choice of the inelasticity factor makes, phenomenologically speaking,
the attenuation of the cosmic-ray family through the atmosphere very strong. For
the practical calculations, we use in Model I the values of the inelastic cross
section for the case of the proton interaction with air nuclei given by Hillas [19], as
A(p-air) = 760[u~(inel)} °~‘3g/cm2, (3)
where
~yNN(iflel)= 32.2[1 + O.O273E + 0.01E20(E)}mb, (4)
with e = In(E/200 GeV), and for pions we replace the numerical factor 32.2 in eq.
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TABLE 3
Power indices of energy spectra of three categories of high-energy showers. Family flux is given by
I(~E5 100 TeV)/ J~(E11  1000 TeV) with I~(E11  1000 TeV) = 50 ±20/rn
2. yr sr from the LAS
experiment
Shower clusters Single cores Showers - H Family flux
Joint chamber 1.82±0.16 2.14±0.12 1.83±0.12 (7.4±3.0)xl0~
Pamir (400 m2yr) 1.81±0.20 2.15±0.10 2.06±0.17 (6.1 ±2.5)Xl0~
Chacaltaya 2.16±0.15 2.30±0.10 2.84±0.24 (7.0±3.0)5<10~
Model 1 (UA5) 2.12±0.13 2.51±0.06 2.01±0.04 (3.0±0.15)x102
Model 2 (F00) 2.64±0.09 2.75±0.06 2.55±0.07 (7.3±0.50)xI0~113]
Model 3 (MSF) 1.99±0.04 2.28±0.04 2.15±0.09 (5.8±0.32)x102
Model 4 (Fire-ball) 2.29±0.05 2.50±0.03 2.24±0.05 (l.3±0.07)x102
ModelS (MQ) (l.5±0.10)xl02 [15]
Expected value at Pamir by assuming A,, = 100 gr/cm2.
(4) by 20.3. The values used in the calculations of the other models are approxi-
mately the same.
The energy of the hadrons is transformed into visible shower energy by multiply-
ing by k
5, where is the gamma-ray inelasticity at the collision, and is sampled
from the 1-distribution with the average Kk~~= 0.15 for Model 1, as shown in
appendix B. The average value of k~,Kk5), shows little difference for the various
models. Parameters which are not mentioned in this brief summary are given in
appendix B. Also errors in energy estimations are taken into account for calculated
showers by assuming a gaussian-type distribution with an energy-dependent disper-
sion, for instance 20% at E = 10 TeV.
3.3. FAMILY FLUX-VALUE; COMPARISON WITH SIMULATED FAMILIES
In fig. 3 the calculated energy spectra of the simulated families based on Model
1, 2, and 3, respectively are also shown. In the calculation, the primary flux given
by eq. (2) was used. Table 3 summarizes the family flux value in m
2 yr~sr.
means the total energy of the ga a-ray component of a family. One sees that the
flux values of the simulated families in Model 1 and Model 3 are significantly
higher than observed, while Model 2 gives a consistent family flux. A discussion of
the physical significance of such comparisons will be given in subsect. 3.7, after
giving some details of the characteristics of the hadronic interactions used in each
model.
3.4. SHOWERS IN FAMILIES IN THE PAMIR JOINT CHAMBERS
Now we proceed to study global features of the observed families. First we
present a scatter plot of energy vs. lateral distance from the family center for the
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Fig. 4. (a) Scatter plots of energy vs. lateral distance from the family center for constituent showers
observed in the [‘-block of 162 families of visible family energy, ~ between 100 and 1000 TeV with
E,h = 4 TeV in the Pamir joint chambers. (+): single-core showers seen only in the [‘-block; (U):
single-core showers penetrating from the 1- into the H-block; (0): shower clusters seen only in the
F-block; (‘): shower clusters penetrating from the I’- into the H-block. (b) The same as (a) for showers
observed in the H-blocks.
constituent showers of 162 families of ~ between 100 and 1 000 TeV with
E,h = 4 TeV in the Pamir join chambers, as an illustration of the global nature of
cosmic-ray families. Fig. 4a shows a scatter plot for showers observed in the
1-block, and there the showers are classified into the following four categories: A
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plus represents single-core showers found only in the 1-block; a filled square
single-core showers which continued into the H-block; an open circle denotes
shower clusters observed in the 1-block and a filled circle shower clusters which
continued into the H-block. Showers observed only in the H-block are depicted in
fig. 4b. The two lines in the figures are drawn, to show the energy-weighted lateral
spread, E~R,of 1 GeV . km and 0.2 GeV . km, respectively. For the hadron
component the energy is the visible shower energy, the energy-weighted spread
must then be multiplied by 1/(ky~, where Kky~’is the averaged gamma-ray
inelasticity of the hadron interaction, of the order of 0.3—0.2.
3.5. ENERGY SPECTRA OF HIGH-ENERGY SHOWERS
Relying on the convincing assumption that higher-energy showers in a family,
say E~~ 10 TeV, will more faithfully reflect the characteristics of the parent
interaction without serious secondary effects, we shall begin with studying the
global behaviour of the distributions of the energy, ~ and the energy-weighted
lateral spread, E~R,of these high-energy showers in families by superposing all of
them. Here, E~means the visible energy in the form of electromagnetic cascade
showers. Since these high-energy showers constitute a large fraction of the ob-
served family energies which we are concerned with in the present study, we will
concentrate on the global nature of the hadron interaction in the high-x region by
superposition of all the events. The statistics here applies to families of visible
energy between 100 and 1 000 TeV, i.e. 162 families in the joint chambers and 127
families in a part of Pamir chambers of 500 m2 - yr. The high-energy showers are
classified into three categories: (a) single-core showers in the 1-block, (b) shower
clusters in the 1-block and (c) showers in the H-block, respectively, following the
procedure described in subsect. 2.4. Table 4 gives the statistics of high-energy
showers of each category (E
7> 10 TeV) for the present joint-chamber experiment
and a part of the Pamir experiment referred to above. In table 4 the results of
TABLE 4
Classification of high-energy showers (E1~1 10 TeV)
Joint chamber Pamir Chacaltaya
(400 m
2yr) (nos. 19, 21, 22)
No. of families ~  100 TeV) 162 85 ‘ 82
F-showers single cores 300 274 157 (68 h)
shower clusters 532 431 199 (70 5)
H-showers C-jets 104 134 38
Pb-jets-lower 27
The statistics covers only high-energy families observed both in the F- and H-blocks.
~ Number of continuing showers from upper to lower chambers.
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observations in the Chacaltaya two-storey chambers nos. 19, 21 and 22 are also
presented, as a reference, for which the total exposure amounts to 150 m2 yr.
In order to get an impression of how these high-energy showers (E
5 ~ 10 TeV)
are associated with the observed cosmic-ray families, we present scatter plots
showing the relation between the energies of these high-energy showers and the
visible family energies, ~ which they belong to. Fig. 5a illustrates this for the
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Fig. 5. (a) Relation between the energy of single-core showers and the family energy, ~ which these
high-energy showers belong to. The experimental results from 289 families of visible energy between
100 and 1000 TeV observed in the Pamir joint chambers and a part of Pamir chambers (500 m
2yr
exposure) are presented. Ope circles stand for single-core showers which penetrat through the
F-block into the H-block, and closed circles stand for the ones observed only in the 1-block. (b) Same
as (a) for the case of shower clusters.
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case of single-core showers observed in the 1-block, and fig. 5b for shower clusters
from a total of 289 families in the joint chambers and a part of the Pamir chambers
(500 m2 yr sr exposure). In both figures open circles stand for showers which
penetrate from the 1-block into the H-block, and closed circles stand for showers
observed only in the 1-block. The following study will be made on the basis of
these observations.
Fig. 6a depicts the superposed energy spectra of the three categories of
high-energy showers in differential form for 161 families of 100 ~ ~EVj.C© 1000
TeV in joint chambers in (a), except for one Centauro candidate event [20], and 85
families from a part of the Pamir chambers in (b), each of which is normalized per
event for the purpose of making comparison of the spectrum shape and average
numbers between the two experiments and, furthermore, for a comparison with
simulated data. Open triangles stand for shower clusters, closed circles for single-
core showers in the 1-block and crosses for showers detected in the H-block. All
the superposed energy spectra for the three categories of showers are well
represented by a power law, reading in differential form
f
1(E~)~*[E~]~’, (5)
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Fig. 6. (a) Energy spectra of three categories of high-energy showers (E~° 10 TeV) in differential
form for(a) 161 families of 100  ~  1000 TeV in the joint chambers, except for one Centauro-type
event, and (h) for 85 families from a part of Pamir chambers. •: single-core; o: shower cluster; +:
showers in the H-block. The spectra are normalized per event in order to be able to make a comparison
of spectrum shape and average number between both experiments, and to compare with simulations.
(B) Superposed energy spectra of three categories of high-energy showers of simulated families
calculated on the basis of (a) Model I and (b) Model 2. after following the same procedure as for the
experiment. Symbols are the same as in fig. ha. The spectra are also normalized per event for
comparison with experimental data.
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Fig. 7. (a) Relation between the family flux measured in unit of m2yrs and power indices of the
energy spectrum, ~, in the energy range of 10—50 TeV of single-core showers observed in the F-block
for the joint chamber (J), the Pamir chamber (P) and the Chacaltaya chambers (C). The numbers
denote the simulation models. (b) The same for shower clusters in the F-block. The power index is
estimated in the energy range of 30—100 TeV. (c) Same as (a) for the case of heavy dominant primary
composition given in table 2.
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Fig. 7. (continued)
where f3~denotes the power index of the three categories of showers. f3. is
obtained through a least square fit in the energy intervals of 10—50 TeV for the
cases of single-core shower in the 1-block and showers in the H-block, and 30
— 100 TeV for shower clusters, respectively, as shown by the straight lines in the
figures. These energy intervals for each category are accepted as regions of least
affection from both fluctuation and bias of the detection, and such energy intervals
are considered to be high enough to predict the characteristics of the hadronic
interaction. For comparison fig. 6B shows the energy spectra of the high-energy
showers for simulated families based on Model 1 in (a) and on Model 2 in (b), after
following just the same procedure as for the experiment.
The best fitted value of the power indices, ~, of the three categories of showers
and family flux observed in the three experiments, i.e. the joint chambers, a part of
Pamir chambers and the Chacaltaya chambers are summarized on table 3. In this
table the family flux at the Chacaltaya altitude is normalized to the one at the
Pamir altitude, assuming the attenuation length of the family flux to be A,Iii = 100
g/cm2. Also shown are the results of simulation calculations based on the four
different models of hadronic interaction so far proposed. One notices that the
power indices of the high-energy showers in the families are almost the same
among the three independent experiments.
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3.6. RELATION BETWEEN FAMILY FLUX AND POWER INDICES OF THE ENERGY SPEC-
TRA OF HIGH-ENERGY SHOWERS
In table 3 we summarized the results of three independent experiments and the
simulation calculations on family flux values in units of m2 yr sr and the power
indices of the three categories of high-energy showers. All the models for the
simulation calculation we have used here have been uniquely extrapolated from
the lower energy accelerator experiments to the cosmic-ray energy range. Now, our
first purpose is to find out how different types of particle production can give
different behaviour of the simulated families as far as flux value and energy spectra
of high-energy showers in the families are concerned, and how they can reproduce
the observations.
Fig. 7a shows the relation between the family flux values, IGJE(> 100 TeV)
measured in m2 yr sr, and the power index ~ of the high-energy showers of the
single-core category in the 1-block, for three experiments and four simulation
calculations. Fig. 7b illustrates the same for the shower-cluster category [21].(In
both cases, Model 5 [the MO model] is not included because the spectrum study
on high-energy showers after the decascading procedure has not yet been com-
pleted.) The three experimental results, Pamir joint chambers (closed circle), a
part of the Pamir chambers (open circle) and the Chacaltaya experiment (triangle),
agree well with each other within experimental errors, irrespectively of the differ-
ent experimental conditions. The large error bars seen in the flux values of families
in the simulation calculations are caused by the uncertainty of the flux values of
the primary cosmic rays, i.e. I)) = (50 ±20)/rn2 yr~sr at E
0 = lO~~eV.
How would the relation between the above two quantities be when the primary
cosmic rays were not of normal chemical composition, as accepted here, but
dominantly composed of heavy nuclei with an energy beyond lO~eV? As an
example, we present in fig. 7c the stimulated result on the relation between these
two quantities for the case of single-core showers when the primary composition is
the same as in the HDSQI model (Mt. Fuji) in table 2.
One can see that the family flux for each assumed model of hadron interaction
becomes about a factor 3 smaller (approximately proportional to the proton
abundance) relative to the case of a normal chemical composition as shown in fig.
7a, keeping the power indices and the relative relationship among the models
fixed. We see that the flux values are still larger than observed when considering
the scaling or quasi-scaling nature of the interaction models, indicating that the
dissipation of cosmic-ray families is much stronger during passage through the
atmosphere.
3.7. SIGNIFICANCE OF PARTICLE INTERACTIONS SEEN FROM THE COMPARISON
In the previous sections, we saw that the simulated families based on different
models of particle production gave different relations between family flux values
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and power indices of high-energy showers in families, and the comparisons show
that none of those calculations could satisfactorily reproduce the relation inferred
from observation. Next we will investigate the implications of such a contradiction
on particle interactions in the cosmic-ray energy range.
One finds that the observed value of cosmic-ray family flux is much lower than
the simulated results based on the algorithms of Model 3 (MSF of Parnir) and
Model 1 (GENCL + DIFFR of UA5). These two models have characteristics of
either the scaling or the quasi-scaling type in particle production at the collision,
while Model 2 (F00 of the Polish group) shows a strong breakdown of the scaling
nature in the high-energy cosmic-ray range, yielding a value of the family flux
consistent with experiment.
In order to see the characteristics of particle production of these models at the
high-energy cosmic-ray range, we present in fig. 8a the rapidity distribution of the
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Fig. 8. (a) Rapidity distribution of the produced charged secondaries in the energy ranges 1 TeV (ISR),
100 TeV (CERN collider) and l0~TeV (cosmic-ray) for the cases of Model 1 and Model 2. (b)
x-distribution of the charged secondaries in two energy ranges for various models. The numbers denote
the simulation models.
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charged secondaries at the interaction for Model 1 and Model 2 for comparison. In
this figure the rapidity distributions of the charged secondaries are given for
interaction energies of 1 TeV (ISR energy range), 100 TeV (CERN collider range)
and i0~TeV (cosmic-ray range). The closed circle in the figure gives the pseudo-
rapidity distribution of the charged secondaries obtained by UA-5 experiments,
and one sees that Model 1 was so constructed as to reproduce well the experimen-
tal distributions at the CERN collider energy. We did not find a serious difference
between Model 2 and Model 1 at 1 TeV ISR energy and 100 TeV CERN collider
energy. One finds, however, a large difference at the extrapolated cosmic-ray
energy range, i0~TeV, showing a strong break-down of the quasi-scaling nature in
Model 2.
In fig. 8b the x-distributions are shown of the produced charged secondaries at
the interaction for the models here calculated at energies 100 TeV and i0~TeV.
In the extrapolated energy range at i0~TeV, one observes differences among
them, especially between Model 2 and the other models.
As far as the value of the family flux is concerned, it is now evident that such a
strong breaking of the scaling nature as Model 2 displays can give a value
consistent with observation, while the expected family flux becomes higher as the
interaction type approaches the scaling type. Such a tendency has already been
noticed at the beginning of family studies and the break down of the scaling law
and the increase of the multiplicity and PT in the cosmic-ray energy range was
seriously argued [1,2,22]. On the other hand, as for the power indices of the
spectra of high energy showers in the family, such an algorithm as is seen in Model
2 gives too soft a spectrum, implying the age of the families to be very old. While
the experimental result gives a value of 1~ consistent with what is expected from
scaling-type pion production as is typically seen in the case of Model 3, it gives a
much higher flux value than observed.
In order to see the global characteristics of the observed cosmic-ray families
from a different perspective we present the distribution of the energy fraction q
that the total energy of high-energy showers (E5 ~ 10 TeV) constitutes in the
respective families. Here q is defined as q = LE(~10 TeV)/~E~~~.In fig. 9 we
show by a closed circle the normalized distribution of the q-value from 289
observed families of visible family energy between 100 TeV and 1000 TeV found in
the Pamir joint chamber and in a part of the Pamir chambers as referred to before.
Fig. 9a gives a comparison with the distribution from simulated families using
Model 1 represented by histogram, fig. 9b for the case of Model 2, and fig. 9c for
Model 3. As is seen in these figures, one recognizes a difference between
experimental results and simulations that is, a large fraction of the observed
cosmic-ray families have a higher q-value than in the case of simulations. This
indicates that the cosmic-ray families are in a much younger stage before being
degraded by the atmosphere, than the simulated ones using these Models.
In conclusion, we found little hope to come up with an eligible algorithm which
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Model 3.
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is able to explain the global characteristics of cosmic-ray family observations in a
consistent manner by extrapolating accelerator results up to cosmic-ray energies,
as far as we concern ourselves with the models so far examined which seems to be
covering a wide enough range of distributions of multiple pion production. This
indicates that the discrepancy can hardly be restored by a small modification in
such a way as adjusting the x-distribution (or rapidity distribution) of the produced
pions, as long as we restrict ourselves to the framework of multiple pion produc-
tion. This seems to indicate that a solution must be searched for outside this
framework.
We would like to make a remark on Model 5, the MO model. An extensive
comparison between experimental results and simulation calculations is currently
being made by the Pamir group [23,241.The results obtained up to the present
show that the power indices of the energy spectra of hadrons and high-energy
gamma rays, without the decascading procedure, remain close to the experimental
values within the error limit, while the predicted family flux is significantly smaller
than in the case of Model 1 and Model 3, yielding about twice the experimental
value. A success of Model 5, though preliminary, for reducing the family flux value
with quasi-scaling particle production, comes from the strong attenuation of the
families due to choosing a large inelasticity coefficient, (K) = 0.81 for nucleon-
nuclei (Ni4) and (K) = 0.85 for pion—nuclei (Nt4) interactions at an interaction
energy of i0~TeV, as described above. Such a strong attenuation through the
atmosphere, particularly the change of attenuation mean free path of a nucleon as
a function of the primary energy, is shown in appendix B in comparison with the
cases of other models. Unfortunately, at this moment there is no experimental
support for the existence of such a large nuclear effect in multiple pion production
to increase the inelasticity close to the one in air—nucleus collisions.
3.8. LATERAL SPREAD OF HIGH-ENERGY SHOWERS
Fig. lOa shows the superposed distributions of the energy-weighted lateral
spread, E
5R, measured from the family center in differential form for the three
categories of high-energy showers (E5 ~‘ 10 TeV) mentioned above for the joint
chamber. Agreement of the distributions among the three experiments is satisfac-
tory and all the distributions are approximately represented by an exponential law.
The average value of the lateral spread, (E5R), for the three experiments are
summarized in table 5, together with the results obtained by simulation calcula-
tions. In fig. lOb we show the results of the simulation calculations based on Model
1. One sees no significant difference between experimental results and simulated
results, through we recognize an excess of shower clusters in the region, E5R =
2 GeV km in the Pamir joint chamber in comparison with the simulation
calculation. A discussion of the results of these lateral distributions of high-energy
showers will be given in subsect. 4.4.
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Fig. 10. Superposed distributions of the energy-weighted lateral spread, E1~~R,measured from the
family center in differential form for the three categories of high-energy showers (E~  10 TeV) for (a)
the joint chamber and (b) the simulated data of Model 1. The symbols are the same as in fig. 5a.
TABLE 5
Average lateral spread for high-energy showers (E(
5)  10 TeV)
Single cores Shower clusters H-showers
_________ (E(7)R) GeVm KE(7)R) GeV’m GeV’m
Jointchamber 419±28 391±20 572±67
Pamir 473±28 439±25 538±43
Chacaltaya 467±32 362±21 445±50
Modell 487±15 427±14 574±24
ModeI2 488±18 363±12 669±54
Model3 519±16 425±14 565±28
Model4 576±23 613±14 552±20
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4. Exotic families in unbiased observed events
4.1. ANOMALOUS HADRON DOMINANCE IN FAMILIES
Since the discovery of the event “Centauro-I” in the Chacaltaya chambers, a
systematical search for cosmic-ray families of Centauro interactions has been made
in emulsion chamber experiments at high mountain altitudes by looking for
examples which show an anomalously rich hadron content of the constituent
showers in families [2]. The study was motivated by the question whether the
Centauro events are exceptionally rare exotic phenomena or whether they point
towards a global change in the characteristics of hadronic interactions in the
cosmic-ray energy range. In order to illustrate the situation, we present the
experimental results on the hadron and gamma-ray composition of high-energy
families and compare them with the results of simulation calculations.
In fig. ha we give the present status of this search for a total 429 families [121
from Chacaltaya (open circles), 173 from the pamir joint chambers and 135 from a
part of the Pamir chambers of 500 m2 yr (closed circles)] in the form of a scatter
diagram of Nh vs. Qh. Here, N
8 denotes the number of hadrons in a family with
visible energy greater than 4 TeV, and Qh EE~/(EE~+ ~E~) the fraction of
the total visible energy which these hadrons constitute. Fig. lib shows the result of
simulation calculations; 523 events with Model 1, as an example, assuming the
primary cosmic rays to be of normal chemical composition. The different marks on
the plots refer to families due to different primary cosmic-ray nuclei. One sees that
there exist abundant families with an anomalously rich hadron content in the
experimental data, sometimes both in the number and the energy fraction, and
sometimes in an energy fraction, which is beyond expected fluctuations in the
distribution from UA-5 type hadronic interactions. One finds that the global
features obtained from the other models is approximately the same as in Model 1,
as shown in appendix B. The figures tell that such an anomalously rich hadron
content is neither caused by the incidence of heavy nuclei in the primary cosmic
rays, nor by the superposed fluctuations of ordinary-type particle production
during passage through the atmosphere. It is known that hadron detection is
effected by the choice of the gamma-ray inelasticity, k7, of hadronic interactions
for electromagnetic shower formation. However, the conclusion here is not changed
even when one imposes extreme conditions on the heavy-nucleus target (the lead
plates) by making k5 as large as (ky> = 0.3 for hadron interactions, in order to
explain the abundant hadron detection. The simulation results show that none of
the families is found to show Qh ~ 0.75 and Nh * 5 [251,though the experimental
result still shows the existence of families of much richer hadron composition.
In order to see this feature more clearly, we present in fig. l2a the scatter plot
of Nb vs. Qh where we selected families by the criterion that the average spread,
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(E*R*), after applying the “decascading” procedure for the “gamma-ray” com-
ponent in the 1-block,must be less than 300 GeV’ m. The criterion means to select
families of which the location of the main interaction is closely above the
chambers. We found 69 families from the Chacaltaya and h73 families from the
joint chamber and Pamir chambers satisfying the above condition. Fig. h2b shows
the corresponding result for a simulation calculation based on Model 1. Under
such criteria, one finds that the frequency of occurrence of families of rich hadron
content in cosmic-ray observations is much enhanced.
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We should make a remark here concerning families of a very large number of
hadrons, expressed by a circle and a number in fig. iha. All those with a special
mark are superfamilies with ~ ~ 1 000 TeV, some details of which will be
discussed later. Among them, the family marked as (7) shows more than 70
hadrons of visible energy greater than 4 TeV, which came from the Chacaltaya
chamber no. 21 [26], and the Chacaltaya group considered it to be a candidate of
the Centauro type interaction and called it Centauro VII. The family is an extreme
case of very large visible family energy (—‘ 5 000 TeV), and it is estimated to have
been produced at 2000 3 000 m above the chamber, indicating one of the typical
anomalous characteristics of extremely high energy super-families. The event
marked as C2O is coming from Chacaltaya chamber no. 20 is also a candidate of
the Centauro-type interaction and was called Centauro VI. The visible energy of
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the event is measured as 1360 TeV, being produced at 800 m above the
chamber, and 29 showers of energy E5> 4 TeV are identified to be of hadron
origin [2,25]. Details of the analysis of these two events will be presented else-
where. In the figure we also plot one high energy superfamily [marked (E)] called
“Elena”, recently found in the Pamir thick-lead chambers [23]. The visible energy
of the event is 1 700 TeV and contains a hadron of visible energy of 800 TeV. The
events marked (1)—(6) signify the results of studies of superfamilies of EE~~5>2000
TeV in the Pamir joint chambers including a shower spot study of the off-halo part
which will be discussed in sect. 7.
4.2. TRANSITION BEHAVIOUR OF HIGH-ENERGY SHOWERS IN THE F-BLOCK
In this section we present the results of a study on the nature of high-energy
showers which start the shower development in the 1-block by constructing their
transition curves throughout the material in the Pamir joint chambers. The study
was motivated in order to see the nature of shower-inducing particles from the
point of view of transition behaviour through the chamber materials. For this study
we concentrated on the high-energy showers observed in joint chamber P3’, since
they made a major contribution to the statistics with a satisfactory uniformity of
X-ray films.
Fig. 13a shows the transition behaviour of high-energy showers in the form of
depth variations of the spot darkness measured with a 200 ~rm x 200 ~rm square
slit. The open circles are the average over 63 single-core showers in the 1-block
with energy E
t~~between 20 and 40 TeV. The closed circles are the average for 94
shower clusters with cluster energy ~ between 40 and 100 TeV containing no
shower cores with energy greater than 40 TeV among the constituent cores of a
cluster. The average energy of single-core showers and that of the highest energy
shower-core in clusters is the same: (E~) = 25 TeV. For the construction of the
transition curve for the case of shower clusters, the spot which showed maximum
darkness among the constituting shower cores at each depth is traced down. The
average transition curve of the spot darkness calculated on the basis of 100
simulated showers due to gamma-ray incidence of energy 25 TeV is given in the
figure by the set of triangles in the 1-block part. One sees that it could not
reproduce the experimental shower curve in 1-block. By comparison, one finds
that the experimental curves show that the shower develops more abruptly in both
the single-core shower and shower-cluster cases, indicating that the incoming
shower-inducing particles are not of pure gamma-ray origin.
For a more realistic comparison, a simulation calculation was carried out
assuming an additional 1 cm of lead above the chamber to represent possible
atmospheric effects, if present. The result, shown by the dotted line with crosses,
can reproduce well the shower transition in the 1-block, but the discrepancy of the
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Fig. 13. (a) Transition of spot darkness of high-energy showers, measured with a 200 jsm >< 200 ~sm
square slit, in the Pamir joint chamber P3’. The open circles are the average over 63 single-cored
showers which start from the 1’-block with energy Et~1between 20 and 40 TeV, and the closed circlesdenote shower clusters with energy E~i
0~i~.rbetween 40 and 100 TeV. The triangles in the figure
represent the average transition curve of spot darkness calculated on the basis of 100 simulated showers
due to gamma rays with an energy of 25 TeV. See the text for the dotted curve with crosses. (b)
Transition of spot darkness, measured with a 200 ~mX200 ~m square slit, for 9 single-cored showers
(open circles) of energy between 80 and 120 TeV and 11 shower clusters (closed circles). For the latter,
the average of the highest energies in their respective shower clusters is 100 TeV. The dotted curve with
triangles represents the average of 20 simulated showers due to gamma rays with an energy of 100 TeV.
shower behaviour in the H-block cannot be eliminated; the experimental result
shows less attenuation.
A similar behaviour is clearly seen for the energy region around 100 TeV. Fig.
13b shows the average behaviour of 9 examples of single-core showers of energy
80—120 TeV with a mean energy of 100 TeV and of 11 examples of shower clusters
with a mean energy 100 TeV for the highest energy shower cores among the
constituents. The symbols are the same as in fig. 13a. The dotted line with triangles
represents the average of 20 simulated showers initiated by 100 TeV gamma rays.
An appreciable difference is seen in the shower development at the 1-block.
Such unusual transition behaviour of high-energy showers has also been noticed
in the Chacaltaya chambers [2]. in fig. h4 we present the transition of spot
darkness of high-energy showers (E~ ~‘ 10 TeV) measured by a square slit of 200
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Fig. 14. Averaged transition of spot darkness on X-ray films measured by a 200 ~smX200 tim square
slit in the Chacaltaya chambers nos. 21 and 22. The closed squares and circles represent the single-core
high energy showers (E~  10 TeV) in chamber nos. 21 and 22, respectively, and the open squares and
circles are for shower clusters. The dotted curve is the average behaviour for the case of gamma rays
(see text).
~m X 200 ~m throughout the depth of the Chacaltaya chambers 21 and 22. In
table 4 a summary of the statistics of such high-energy showers is given [27]. The
Chacaltaya chambers 21 and 22 have the same structure; the total area of both the
upper and lower chambers is covered with nuclear emulsion plates. The chambers
have 7 cm and 11 cm of lead in the upper and lower chambers, respectively,
separated by a 240 cm air-gap. As is seen such a large air-gap causes the strong
break in the transition curves. The closed squares and circles represent the
single-core showers in the chambers 21 and 22, respectively, the nuclear emulsion
plates containing, core configuration was studied in detail under the microscope.
Open squares and circles represent shower clusters in nos. 21 and 22, respectively.
The dotted line in the figure shows the averaged behaviour for the case of
gamma-ray incidence upon the chambers obtained through simulation calculation,
i.e. one hundred gamma rays of energy greater than 10 TeV enter the chamber
with the same power spectrum as the experimental results, i.e. with power index
= — 1.25 in integral form. Here one sees that the high-energy showers show a
stronger penetrating power than in the case of gamma-ray incidence. From such
observations the Chacaltaya collaboration gave these high-energy shower clusters
the name “mini-clusters” in order to discriminate them from atmospheric cascade
showers of gamma-ray and/or electron origin [2]. From these considerations we
are led to suppose that they are the bundle of hadrons and gamma rays and/or
electrons, from our present knowledge, of (p~71) 10—20 MeV/c at production.
Such unusual behaviour of shower clusters with small spread is seen much clearer
in huge shower-cluster phenomena to be described in sect. 5 and 6.
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4.3. RELATION TO THE GLOBAL VIEW ON COSMIC-RAY HADRON INTERACTIONS
Many of the reported exotic family events, Centauro and others, display an
anomalous richness of the hadron component. We saw the hadron abundance in
the unbiased family samples of the three experiments, the Pamir joint chambers, a
part of the Pamir chambers, and the Chacaltaya chambers. The characteristics are
common and there are no significant differences among the three experiments,
and the experimental results do not agree with that of simulation calculations
based on ordinary models of multiple-pion production. We recognize the existence
of a number of families with a large hadron excess, beyond the expected fluctua-
tion of the multiple-pion production. The anomalously hadron-rich families consti-
tute a substantial part of the unbiased observed samples, say at least 20%. This
fact requires a change in the global view of high-energy hadron interactions.
Seeing the above results, it becomes necessary to re-examine the current picture
which assumes the main sources of gamma rays to be decay of ir~ mesons
produced in nuclear collisions. As the possible methods of re-examination, a study
was made on the transition behaviour of showers in the F-block. In the current
picture, these showers starting in 1-blocks are initiated mainly by gamma rays
and/or electrons, arriving at the observed level either directly from a nuclear
interaction or with cascade multiplication while traversing the atmosphere. The
results presented in subsect. 4.2 shows that the observed shower transition is
significantly different from the one expected from the current picture. The
showers, both of single-core and of cluster structure, have a stronger penetrating
power which could not be consistently understood as caused by their gamma-ray
and/or electron origin. The difference with the simulation results of gamma-ray
origin is much larger than the expected minor mixture of ordinary hadrons which
generate the shower in the 1-block.
4.4. HIGH-pT NATURE OF HIGH-ENERGY SHOWERS
Summarizing the present study on high-energy cosmic-ray families in sect. 3,
one may be able to construct the following global view on cosmic-ray hadron
interactions around iO~TeV. From the point of family-flux observation, the
attenuation of cosmic-ray families must be much stronger than expected from a
mere extrapolation of knowledge in the accelerator energy range. The energy
spectra of high-energy showers are harder than the spectra from simulation results
and the value of the power indices of the spectra, f3~~is approximately the same as
for the family spectra, i.e. a /3g. This means that the showers in the observed
high-energy families are, as a whole, in a younger stage of development, before
suffering from strong atmospheric degradation, than obtained from simulations. It
means that these high-energy families (then high-energy showers) are produced
just above the apparatus. Such a guess seems to be supported when comparing the
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distribution of q-values with simulation results as seen in fig. 9. There, the majority
of cosmic-ray families have a large q-value. Meanwhile, one sees the lateral spread
remains the same for the three categories of high-energy showers in experiments
and simulations as shown in table 5 and fig. 10. Together with these two facts, we
have to expect the existence, with an appreciable fractional frequency, of a new
type of hadronic interactions where the shower-inducing secondaries are produced
with large PT~ Such global large-ps behaviour of cosmic-ray families has already
been found in the study by the common “jet-clustering” procedure and reported in
the joint paper of the three mountain experiments [1].
From the Chacaltaya chambers several clean cosmic-ray families were reported
for which the interaction position was determined by the triangulation method of
shower direction, and the Py of the secondaries was measured in a direct way,
giving (p(7)) ‘~ 2—3 GeV/c, far beyond those expected from ordinary type [1,2].
The secondary showers of these events consist of single-core showers and shower
clusters, and both have stronger penetrating power than expected of showers of
pure gamma-ray origin [2].
5. Family of a narrow central core
5.1. EXISTENCE
Among high-energy cosmic-ray families ~ ~ 100 TeV) in the Chacaltaya
and the Pamir joint chambers, we frequently observed a family with a collimated
central shower cluster of a clean core configuration spreading in the range of an
order of a few millimeters in diameter. This central shower cluster occupies the
most part of the total visible energy of a family. There are only a few showers
outside, and sometimes we found no accompanying showers at all. Families of this
type are interesting in many respects. The strong concentration of energy flow seen
in this type of family suggests that they are of a proton primary. The cluster
configuration of small spread tells us that the events are caused by nothing other
than a diffractive-type dissociation in the forwardmost small angular region of the
collision. Then the question is whether they originate from the production of ~-°
mesons in diffractive part via the known mechanism, or from some new state as the
continuation of the incident baryons. From a phenomenological point of view, they
must be the initial phase of “halo” phenomena, showing a lower bound in either
their energy or altitude of production, and arrive at the chamber before suffering
from degradation processes when passing through large amount of air.
In this section we shall discuss the results of the most recent observations of
such shower clusters from the Pamir joint chambers and from the Chacaltaya
two-storey chambers. In table 6 we list 11 examples of high-energy shower clusters
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TABLE 6
Shower clusters (precursory stage of “halos”) (E  4 TeV). Nh is number of identified hadrons, and N~
denotes the number of shower cores which penetrate from the F-block into the H-block
Cluster Eciustcr Ncorcs r(max) E01~~ (Er) N~ N~ .~E(family)
(TeV) (mm) (TeV) (GeVm) (TeV)
P3C107-232 163 3 • 4.5 90 17.6 23 163 -•
P3’C4-432 206 9 2.5 70 12.8 1 5 243
P3’C4-467 274 12 1.8 90 8.7 I 1 284
P3’C3-329 382 4 1.1 200 68.9 2 2 431
P3’C6-651 513 8 1.3 130 53.2 2 5 513
P3’C4-454 696 27 3.0 62 19.7 7 11 959
P5C154-52 132 11 3.5 55 8.1 0 1 132
P5C154-65 202 11 1.5 47 8.9 2 6 202
P5C154-89 921 3 2.3 (880) 53.8 1 3 1025
P5C164-76 287 41 15.4 30 30 4 4 357
P5C164-59 108 7 0.64 43 2.9 2 2 177
C21S1571100 564 12 0.27 250 1.6 1 2 858
C22S162I89 840 22 1.0 — — — — —
of visible energy greater than 100 TeV among 173 families in the Pamir joint
chambers, together with two typical examples in the Chacaltaya chambers. One
sees that they all are of extremely small spread and vary in number of cores. The
probability of finding these shower clusters is about several percent among all
families observed, which is not negligible. A systematic search on the frequency of
such narrowly collimated shower clusters was carried out in ref. [28], and the
results are summarized in table 7, together with the results of simulation calcula-
tions. There, the family spread is measured by RE(= Y.ER/LE) and the frequency
is compared using the bounds RE <4 mm and RE < 8 mm. As is seen in table 7,
the observed frequency of occurrence of families with small spread is significantly
larger than found in simulation calculations, which means that the existence of
such narrowly collimated shower clusters is not due to fluctuations of ordinary-type
hadron interactions.
5.2. TYPICAL EXAMPLES SEEN IN X-RAY FILMS
In order to see the characteristics of such shower clusters, we shall first of all
present here some typical examples of X-ray film observations in the joint chamber
P3’ where the clean core configuration can be observed in the 1-block due to the
moderate sensitivity of the films.
Fig. iSa shows a photograph of shower cores in the central shower clusters on
X-ray films of the event P3’-C3-329, where (1) and (2) are for films under 4 cm and
6 cm of lead in the F-block, and (3) and (4) under 3 cm and 5 cm of lead in the
H-block after passing through a carbon layer of 60 cm in between. One notices two
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Hg. IS. (continued)
cores, indicated by (a) and (h) in the figure (among three of small spread)
penetrating strongly from the i-block into the Il-block where the darkness is much
larger than that in the i-block, and a new-horn core. indicated by (d), appearing
close to them in the H-block.
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Fig. 15. (continued)
Fig. 15b shows another example; the central shower cluster of the event
P3-C107-B232, which exhibits similar characteristics. Three sharp shower cores, all
contained within a small area of 1 mm in diameter, appear under 4 cm of lead of
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Fig. 16. (a) Scatter diagram of the shower-core energy vs. its distance from the family center for the
family P3-C4-B454. (a): showers penetrating from the F-block into the H-block; (•): showers observed
only in the F-block and (+): showers observed only in the H-block. (b) Distribution of the lateral
spread of shower cores in the central cluster of the family P3’-C4-B454 in integral form.
the 1-block, shown in (1), and two of them, indicated by (a) and (b), penetrate
strongly into the H-block [shown in (3) and (4)] while the third one extinguishes.
The shower clusters presented here are examples of a very simple cluster
structure having small lateral spread, ~Er ~ being of the order of 10 GeV ‘ m. If
we assume that they are due to hadrons originating from ordinary nuclear
interactions just above the chamber, the estimated interaction height will come out
as only several tens of meters or lower.
There are still other cases where the large central shower clusters have more
complicated configurations composed of a large number of strongly penetrative
shower cores. As an example, we present in fig. lSc photographs of the central
shower cluster of the event P3’-C4-B454, tracing down from the 1-block in (1)—(4),
as before. Fig. 16a shows the lateral structure of the shower cores of the whole
family in the form of a scatter diagram, plotting the energy of individual con-
stituent shower cores against their respective distances from the center. The
circled dots represent the penetrative shower cores into the H-block, the majority
of them being hadrons, the plusses the cores observed only in the H-block, i.e.,
hadrons, and the filled circles the cores which are observed only in the F-block.
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Fig. 17. Penetrating behaviour of the central shower cluster of the family CCTatiana~~through the Pamir
chamber of four carbon layers, in the form of electron number, N~(R < 4 mm), versus depth.
One observes the dominance of hadrons in the central part of the shower clusters
of radius 3—4 mm. Fig. 16b gives the distribution of the lateral spread of the
shower cores in integral form. The average lateral spread for the high-energy
shower-core part is (Er) 20 6eV m with X-ray film resolution, impossibly
smaller than that expected from ordinary-type hadronic interactions.
The existence of high-energy shower clusters of small spread with high penetrat-
ing power has been attracting attention from the very first start of the Chacaltaya
and Pamir experiments. One of the typical examples is the central cluster of the
super-family named “Tatiana” recorded in the five-storey-type Pamir carbon
chamber [29]. The penetration behaviour in the form of variation of the total
electron number through the chamber material of the “Tatiana” event is pre-
sented in fig. 17 for the central region of the family, inside a radius 4 mm, where
the darkness of X-ray films shows greater than 0.4. As is shown in the figure, the
chamber consists of a 1-block of 6 cm of lead, four H-blocks of 5 cm of lead and 4
carbon layers of 20 cm between every two lead blocks. One sees that the cluster
traverses throughout the chamber without appreciably changing the X-ray film
darkness.
5.3. EXAMPLES IN EMULSION PLATES
We have observed shower clusters of similar characteristics in the Chacaltaya
chamber, too. As has been mentioned, the Chacaltaya two-storey chambers nos.
19, 21 and 22 are totally covered by nuclear emulsion plates, both upper and lower
chambers. Subsequently, a detailed study on the shower-core configuration in
clusters is available through microscopic observation.
The results of the systematic study on the nature of high-energy shower clusters
carried out by a careful examination of nuclear emulsion plates will be given in
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Fig. 18. (a) Target map of individual shower cores in the cluster of the event C21-S157-I100, by
microscopic observation in nuclear emulsion plates in the upper chamber of Chacaltaya chamber no.
21. Figures in parentheses are estimated energies of cores. (b) Isodensitometric map of the cluster,
shown in fig. 18a, under 5 cm of lead in the lower chambers.
sect. 6. Here we present two typical examples of such shower clusters from the
Chacaltaya chambers referring to the events in the Pamir joint chambers. In figs.
18a and 19a we give the target maps of individual shower cores in the clusters
taken from nuclear emulsion plates for the events C21-S157-I100 and C22-S162-I-
89, respectively [30]. One sees that the spread of both clusters is very small, a few
millimeters or less in diameter. The figures in brackets of fig. 18a stand for the
measured energy of individual shower cores. In the center of the cluster we found
A C225162189 B
~ 1 mm’0 cmFb-upper
2mm,
C22S162189 under 5cmPb-Iower
Fig. 19. (a) The same as fig. 18a for the event C22-SI62-I-89 in Chacaltaya chamber no. 22. (b)
Isodensitometric map of the cluster, shown in fig. 19a, under 5 cm of lead in the lower chamber.
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Fig. 20. Transition of total number of electrons of shower clusters, listed in table 6, measured by a
raster scanning microscope.
two very energetic shower cores with energy 100 TeV separated by 50 ~rm. In
the case of the cluster C22-S162-189, shown in fig. 19a, a fine shower-core
configuration is observed on the nuclear emulsion plates: only under 3 cm of lead,
unfortunately, because the cluster fell of the edge of the nuclear emulsion plates.
One sees a clean shower-core configuration in a very small area in the upper
chamber for both examples, and in the lower chambers they form a halo configura-
tion, as shown in figs. 18b and 19b, respectively, after passing through the chamber
material, i.e. lead plates in the upper chamber, 30 cm of a plastic target layer, a
240 cm air-gap, and the lead plates in the lower chambers. The examples show that
these shower clusters are just in the initial phase of a halo phenomenon which is
the result of the degraded stage after passing through a certain amount of
material.
In fig. 20 we show the transition curves of the high-energy events listed in table
6 in the form of the total number of electrons measured by raster scanning of the
high-energy shower-cluster region on X-ray films. Again one sees that much larger
portion of the energy is deposited in the lower chamber, indicating the strong
penetrating power of these shower clusters. The number of identified hadrons is
also presented in table 6.
5.4. NEW TYPE OF INTERACTIONS WITH SMALL PT
Summarizing our shower-cluster observations, we notice the following charac-
teristics:
(i) there are clusters of great penetrating power;
(ii) their lateral spread, (Er), is small of the order of ten to several tens of
GeV’ m.
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It will now be evident that it is very hard to explain such shower clusters, as
presented here, by a bundle of ordinary atmospheric gamma rays and/or elec-
trons. If, on the other hand, we were to assume them to originate from atmos-
pheric nuclear interactions of the ordinary type, we would have an abnormally high
number of nearby atmospheric interactions, ‘~ 100 m or lower, compared with
those occurring at large distances above the chamber expected from ordinary
hadronic collision mean free path. Thus, we are led to consider the possibility that
they might stand for a new fundamental fragmentation phenomenon involving the
complex, composed of hadrons and gamma rays and/or electrons which are
governed by a new dynamical constant having the magnitude of a few to several
tens of MeV.
Furthermore, if we boost the present shower-cluster phenomena up to much
higher interaction energy and up to much larger interaction height, then we will
get at those types of interactions, whose products, after having traversed the
atmosphere down to mountain altitudes, will give rise to the “halo” phenomena in
the central part of the super-families.
6. Study of characteristics of large shower clusters in the Chacaltaya two-storey
chambers
Here we give a brief summary of a systematic study of the characteristics of the
large and high-energy shower clusters in the Chacaltaya two-storey chambers, in
connection with the study discussed in sect. 5. Details of the study have been
summarized in ref. [5].As mentioned above, the study was carried out by inspect-
ing nuclear emulsion plates under a microscope. As a result, the spatial resolution
of individual shower cores and the energy measurement are precise enough.
High-energy shower clusters in this study are selected by the following two
criteria:
(1) shower clusters should occupy more than 50% of the visible energy of the
family;
(2) the visible energy of the cluster must exceed 100 TeV.
In total 40 shower clusters in the energy range between 100 and 1 000 TeV are
selected by the above criteria in the Chacaltaya two-storey chambers. One of them,
the event C21-S157-I100, has already been shown in sect. 5 as an illustration.
6.1. MULTIPLICITY OF ORIGINALLY PRODUCED PARTICLES AT THE CLUSTER PRO-
DUCTION
In fig. 21 we show the superposed fractional energy spectra, fCC E~~~/Ectuster,of
shower cores belonging to a cluster in integral form and normalized to one event.
The spectra are constructed for 17 clusters of Ectuster ~ 200 TeV (closed circles)
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Fig. 21. Normalized distributions of superposed fractional energy of individual shower cores in
high-energy shower clusters observed in Chacaltaya chambers nos. 19, 21 and 22. Closed circles are the
average of 17 shower clusters with Eci=~ter 200 TeV, and open circles are the average of 20 clusters of
E5.~515.,between 100 and 200 TeV. Triangles are for decascaded subclusters with use of the constant
K5. =6 GeV’m.
and 20 clusters of 100 TeV ~ Ectuster ~ 200 TeV (open circles), separately for
comparison. One finds that the energy spectra in, both cases are well represented
by a superposition of two exponential distributions with distinctly different slopes;
one for high-energy shower cores of f~0.04 and the other for lower energy cores
of f < 0.04, as shown by the straight line and dotted line, respectively. It is natural
to suppose that the spectrum of the higher fractional energy part will represent the
one of the parent interactions, while the lower energy part will represent the effect
of degradations in the atmosphere after the birth of secondaries. If we accept such
a point of view, the figure tells us that the number of originally produced particles
at the interaction for succeeding cluster formation are not large in average (several
per interaction).
Triangles in fig. 21 represent the spectrum of subclusters after applying the
“decascading” procedure, mentioned in subsect. 2.4, using a cut-off parameter
K~= 6 GeV m for clusters of Eciuster ~‘ 200 TeV for the purpose of taking into
account possible electromagnetic degradation processes of originally produced
particles during passage through the atmosphere. The slope of the spectrum is the
same as that of single cores in the high-f region as is seen in the figure, and the
extrapolation to f = 0 following the slope of the higher fractional energy part gives
the average multiplicity of around several to ten.
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Fig. 22. Examples of strongly penetrating and of small-spread shower clusters in Chacaltaya chambers
nos. 21 and no. 22 in the form of the transition of darkness, measured by a 200 ‘5mx200 ~im square
slit.
6.2. STRONG PENETRATING NATURE OF SHOWER CLUSTERS
For some of these shower clusters the strong penetrating nature is also observed
in the Chacaltaya two-storey chambers. Fig. 22 shows several examples of such a
strong penetrating nature of large shower clusters in the form of depth variations
of darkness measured in X-ray films with a square slit of 200 j.~m><200 ~rm,
tracing down the maximum darkness region in each layer throughout the depth of
the chamber material of chambers nos. 21 and 22, in which the upper and lower
chambers are separated by a 240 cm air-gap. The figure tells us that there exist
large shower clusters which are not explained by pure gamma rays and/or electron
origin but they are of hadronic origin, though they show small lateral spread of an
order of magnitude which is characteristic for electromagnetic cascade processes in
the atmosphere as given in sect. 7.
6.3. PRODUCTION Pr OF THE SECONDARIES
It is natural to suppose the higher fractional energy region (f~0.04) in the
energy spectrum given in fig. 21 to reflect the production spectrum at the parent
interaction, and the lower energy region, on the other hand, to contain the
descendent interaction effects, either hadronic or electromagnetic. If this is the
case, we should find that the secondary multiplicity at the parent interaction be
small, and that the large number of shower cores observed in large clusters be
products from successive effects. This is born out by fig. 23, where we have plotted
the average spread of shower cores with higher energy (f~0.04) in a cluster, (Er>
(f> 0.04), against shower-core multiplicity in the cluster, N (~2 TeV). We found
that there exist two types of shower clusters. Clusters of the first type populate the
area between the two broken straight lines in the figure, and they are called to be
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Fig. 23. Scatter plot of average spread of high-energy shower cores (f  0.04) in a cluster, (Er), versus
the number of observed shower cores N ( 2 TeV). (0): clusters with E5.~~51~= 100—200 TeV, (•):
clusters with Eciust=r  200 TeV, and (a): average for miniclusters 1401.
of the “single-cluster (or uni-halo)” type. Clusters of the second type have a larger
spread and a multi-cluster structure, and are called to be of the “multi-cluster (or
multi-halo)” type.
A consistent interpretation of the figure is that the average secondary PT at the
parent interaction for the “single-cluster” type is small and depends neither on the
primary nor secondary energies, and that the observed shower-core multiplicity
and the observed (Er> (f> 0.04) are proportional to the amount of traversed
atmospheric material and/or to the geometric distance between the parent inter-
action vertex and the observational position. Fig. 24 supports such an interpreta-
tion from a different perspective. In this figure the energy fraction occupied by the
high-energy shower cores in each cluster, ,~ (~EE(f> 0.04)/Ectuster), is plotted
against the shower-core multiplicity N (~2 TeV). One clearly observes a negative
correlation between K and N (a 2 TeV), showing the effect of subsequent
interactions and degradation occurring proportional to the traversed atmospheric
thickness, resulting in a further multiplication of particles and a further redistribu-
tion of the originally released energy.
Returning to fig. 23, the “single-cluster” type events yield a value as small as
about 10 MeV/c for an estimate of secondary ,~T(y)’assuming the height of the
parent interaction vertex to be of the order of 1 km above the Chacaltaya. Then, a
“multi-clusters (multi-halo)”-type will be explained as representing multiple pro-
duction of the “single-cluster”-type clusters.
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Fig. 24. Scatter plot between the fraction of energy which high-energy shower cores (f  0.04) occupy in
the cluster energy, and the observed number of shower cores, N (a 2 TeV). Symbols are the same as in
fig. 23. MA: the event Mini-Andromeda-Ill, U: the event Ursa-Maior in the Chacaltaya chambers.
Since these shower clusters show a strong energy concentration in the forward-
most small angular region (of the order of 106 radian or smaller), they are
showing nothing other than the continuation of the incident baryons by their
fragmentation. It might represent diffractive dissociation of the new type seen in
the very high energy region.
The Pamir group reported the interesting observation that “multi-halo”-type
events show alignment of constituent subcores with a significant statistical level
[31].
7. Characteristics of superfamilies
7.1. HALO PHENOMENA IN SUPERFAMILIES
One of the most striking features encountered in observing superfamilies in the
extremely high energy region, say EE~
5~ 1000 TeV, is the so-called “halo”
phenomenon. A “halo” is a continuously blackened area on X-ray films which
appear in the central part of a super-family. Its size varies between several
millimeters to several centimeters in diameter and, in most cases, constitutes a
substantial fraction of the family energy. It has a peculiar shape compared with
ordinary shower spots on X-ray films. Examined under the microscope, it turns out
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TABLE 8
Characteristics of the off-halo part of superfamilies. The last two families come from Chacaltaya
chamber nos. 19 and no. 21, respectively. Events with a huge halo are marked by an asterisk
Family N5(  4 TeV) Nh(  4’ TeV) ~E5 ~.‘Eh (E5R~) (E~7
1Rh) Qh
(TeV) (TeV) (GeV’m) (GeV’m)
P3’ Ci 9t~* 87 17 813 229 675 659 0.22
P3’-C5-505 * 97 49 684 513 582 990 0.43
P2-C96-125 * 68 26 362 595 200 750 0.61
P3’-C2-201 139 36 1855 712 187 541 0.28
P3’-C4-369 107 26 1337 898 196 422 0.40
M.A.III * 54 48 409 444 672 575 0.52
Centauro-VIl 284 73 2269 2307 1000 0.50
to be a gigantic bundle of a huge number of parallel shower tracks. From the first
observation of the spectacular giant “halo” event “Andromeda” (1969) in the
Chacaltaya chamber no. 14 [2], observational data of the phenomena steadily
increased in both statistics and variety, as the large-scale emulsion chamber
experiments at high mountain altitudes progressed, i.e. on Chacaltaya, Pamir, Mt.
Fuji and Mt. Kambala. A common method has been established among the
research groups regarding procedure and algorithms for treating the “halo”
phenomena, such as the measurement of the lateral distributions of electron
number density in each photo-sensitive layer, construction of the transition curve
on electron numbers throughout the depth of the chamber material, estimation of
the total energy contained in the “halo” from the calculated total track length of
the shower particles, and so on.
In the present Pamir joint chamber we have found five superfamilies with
~ 2000 TeV, some details of which are given in tables 8 and 9. Three out of
these five have a high-energy “halo” in their central areas (table 9). As an
example, we present in fig. 25 the photometric density distributions of the largest
“halo”, which belongs to the family P3’-C1-B90, in the form of isodensitometric
curves. The total energy of the halo region is estimated as 19000 TeV. It is
TABLE 9
Details of halos in three superfamilies
Family F-block H-block E,
01 R~.’
tm=x E11 (TeV) (cm)
(cu.) (TeV) (c.u.) (TeV)
P3’-C1-90 8.6 14000 21.3 5000 19000 3.1
P3’-C5-505 10.4 6230 21.7 2980 9210 2.2
P2-C96-125 10.0 3700 22.0 880 4570 1.2
tmax is the maximum depth of halo development in each block, and R~,5 is the radius of the halo
region.
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Fig. 25. Isodensitometric maps of the huge “halo” P3’-C1-B90 under (a) 4 cm of lead and (b) 6 cm of
lead in the F-block, and (c) 3 cm of lead and (d) 4 cm of lead in the H-block. The lateral distributions of
electron density are also shown.
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recorded on X-ray films in all four photo-sensitive layers throughout the chamber.
Fig. 25a and 25b correspond to the depths of the photosensitive layers under 4 cm
and 6 cm of lead in the F-block, and 25c and 25d under 3 cm and 5 cm of lead in
the H-block, respectively. What is impressive, besides its vast size, is the fact that it
remains nearly unaffected in its principal configuration.
Following the common algorithm, the electron density on X-ray films is ob-
tained by converting the photometric density at the same place, with the conver-
sion factor is given by the method explained in sect. 2. The lateral distribution of
the measured electron number density in each layer for the halo of the event
P3’-C1-B90 are also shown in fig. 24, as an example. Let us here briefly introduce
the way to estimate the total energy of the halo region from the measurement.
Generally, the lateral distribution of the electron number density, p(r, t), is well
approximated by an exponential function, as is seen in fig. 25, given by
p(r, t) =p0(t) exp(—r/r5.), (6)
where p0(t) and ra are constants which are determined by fitting the measured
electron number density by eq. (6) at each depth. The total number of electrons in
each layer, N0(t), is given by the integration over r to infinity by a smooth
extrapolation,
N1(t) = f p(r, t)2~r dr. (7)
The total track length of the halo region, Z, is given by
Z=f N~(t)dt. (8)
In the above calculation, a proper extrapolation is made from the measured region
down to the transition curves according to cascade shower theory. So finally we
obtain the energy of a halo, EhaIo, by multiplying by the critical energy in lead,
= 7.4 MeV, i.e.
Ehato = e0Z. (9)
In fig. 26 the total number of electrons in each layer against depth are plotted
for all three “halos”, following the above procedure. For comparison we show by a
dotted line the theoretical transition curves of electron number for cascade
showers of electronic origin which fit to those of the “halos” in the F-block. After
subtracting the electron numbers which follow the theoretical transition curve
through the 1-block to the H-block, the transition curve of the hadron block was
constructed and fitted by a new theoretical transition curve.
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depth (cu.)Fig. 26. Transition of the total number of electrons through the chamber material for the three halos
listed in table 9.
One sees that all three “halos” are strongly penetrative, even though the
respective shower maxima have been either already or almost attained inside the
1-block, i.e. the electromagnetic part is already in a degraded stage. This indicates
that the strong hadronic nature is inherent to the “halo”, whose effect is made
manifest in passing through the carbon layer of the chamber. Such strongly
penetrative power is common to shower clusters which we discussed in detail in
sect. 6. If one supposes that the two kinds of phenomena originate from essentially
the same kind of particle production, and that the morphological difference
between the two is brought about only by the difference in their interaction
energies and production heights, then these shower clusters just represent the very
initial stage of “halo” formation.
7.2. SHOWER SPOTS IN SUPERFAMILIES
Even though the complete understanding of the extremely high energy interac-
tion mechanism, which gives rise to “halo” phenomena themselves, does not seem
to have been acquired yet because of their complex phenomenological structure,
we would be able to investigate the nature of the hadronic interaction in such an
extreme high energy region through the observation of shower spots surrounding
the “halo”. These shower spots must originated from secondaries in the parent
interaction and their subsequent nuclear interactions which would show the
inherited novel nature of the primary interactions.
To begin with, in order to get an idea of the global feature of superfamilies,
here we pick up a superfamily P3’-C5-B525, and present, in fig. 27, a scatter
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Fig. 27. Scatter plot of shower energies versus their lateral distances from the family center, for showers
in the off-halo part of the superfamilies P3’-C5-B525. Symbols are the same as in fig. 16(a).
diagram of the energies of individual shower cores surrounding the halo and their
respective distances from the family center. The symbols in the figure are the same
as in fig. 16a. In the central part, the family has a “halo” of radius 2.2 cm (the
region of film darkness D > 0.1) with visible energy 9200 TeV. The shower-spot
measurement has been carried out for the whole region of r> 3 mm, including
inside the halo region, and we found 750 shower spots with a total visible energy of
5 900 TeV, as shown in fig. 27. The shower spots are distributed over a circular
area of radius 20 cm, showing a very wide spread. In the following, a shower-spot
study will be made, under the common criteria, for those five families which lie
outside the halo region (defined by D > 0.1) this outside region will be called the
“off-halo” part.
The first information on the longitudinal development, revealed by the off-halo
part of a superfamily, can be seen from the relation between Nh and Qh in fig.
ha. The numbers in fig. ha, 1—6, correspond to the number of superfamilies
listed in table 8, including one Chacaltaya superfamily. As is seen in table 8, the
total visible energy of the off-halo part, the sum of ~E5 and ~ ranges between
about one thousand and a few thousands of TeV as shown in table 8. One finds a
tendency of hadron-dominant nature in either Nh and Qh, or both, even thought
these superfamilies are estimated to have been produced at a high altitude from
the observation of the halo part.
The second indication can be seen, in relation to the above discussion, in the
energy spectra of the two components, hadrons and gamma rays, in the off-halo
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Fig. 28. (a) Fractional energy spectra of gamma rays in the off-halo part for five superfamilies in the
Pamir joint chambers listed in table 8. (a): P3’-Cl-B90. (+): P3’-CS-BSOS, (A): P2-C96-B125, (A):
P3’-C2-B20t and (X): P3’-C4-B369. (b) Same as (a) for showers of hadronic origin. The solid curve is
the average spectrum for decascaded shower clusters in the off-halo part of the events.
part. Figs. 28a and 28b show the fractional energy spectra, in integral form, of the
hadrons and gamma rays respectively, in the off-halo parts of five super families.
Here, energies are normalized to the respective total visible energy of the off-halo
parts. As a common feature of the five families, one notices that the hadron
spectra are much harder than the gamma-ray spectra. Also shown, by a solid curve,
in fig. 27b is the average energy spectrum of the shower clusters of the off-halo
part after the procedure of “decascading”. It will be of some interest to note that
the spectrum of such “decascaded” shower clusters agrees with the hadron spectra
within the fluctuations.
The observational facts described above suggest the following speculation on
cosmic-ray interactions at extremely high energies. The primary interaction in the
extremely high energy cosmic-ray range frequently produces a strongly collimated
bundle of particles which results in the “halo” after atmospheric degradation, and
has a hadron-dominant character. The successive interactions inherit the hadron-
dominant character as long as their respective parent particles are of sufficiently
high energies, whereas the interaction becomes ordinary when the energy of the
parent particle fails to be sufficient, giving rise to gamma rays via charge-indepen-
dent multi-pion interactions.
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8. Discussions and summary
The main purpose of the present work is to make a survey on the global
characteristics of hadronic interactions in the extremely high energy cosmic-ray
region in a systematic way through the observation of cosmic-ray families recorded
in emulsion chambers at high mountain altitudes: the Pamir joint chambers (530
m
2 yr exposure), a part of Pamir chambers (500 m2 yr exposure) and Chacaltaya
chambers (350 m2 yr exposure). For the present study, the total number of
high-energy cosmic-ray families of visible energy greater than 100 TeV was 429.
The basic point of view is focused on the question whether the nature of hadronic
interactions found in cosmic-ray emulsion chamber experiments can be explained
by a simple extrapolation of the knowledge acquired in the lower energy accelera-
tor experiments; and if not, what are the new characteristics in the extremely high
energy regions.
it was shown that the three experiments gave consistent results on the main
features of the observed cosmic-ray families such as family flux and the behaviour
of high-energy showers in the families, irrespective of their different experimental
conditions.
Among the characteristic quantities which govern the global features of cosmic-
ray families, the present study concentrates on the correlation between family flux
and energy spectra of high-energy showers in the families. An extensive compari-
son was made between the observed families and the simulated families. The
simulation calculations we made are based on models of multiple-pion production,
hitherto proposed, all of which are extrapolations of knowledge from lower energy
accelerator results. For the calculations a normal chemical composition was
assumed. The result of the comparison shows that none of the models so far
proposed succeeds in reproducing the experimental relation between the two
quantities family flux and power indices of high-energy showers. This suggests that
the characteristics of the hadronic interaction might undergo a qualitative change
in the extreme high energy cosmic-ray interactions, especially at the forwardmost
angular region where the cosmic-ray observation is in its full potentiality.
Thus, if the ordinary multiple hadron production alone can not explain suffi-
ciently the global features of cosmic-ray family observations, we have to suppose
that something new happens in hadronic interactions in extreme high energy
cosmic-ray energies, say near or above
10~~eV.
First of all, looking for the origin of such a change in the nature of the hadronic
interaction, the particle composition in the families are studied and we have found
that an appreciable fraction of the families have a rich hadron content, either in
number, or in energy fraction, or in both. We found through a comparison that
simulation calculations did not reproduce convincingly the frequent appearance of
families of hadron-rich composition by either superposed fluctuations of ordinary-
type multiple pion production or by heavy nuclei in the primary cosmic rays. The
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large dispersion of the scattered points in the diagram of Nh versus Qh in fig. ha
is remarkable when it is compared to the case of simulated families. Such large
fluctuations can only be caused by assuming extreme fluctuations in elementary
collisions under multiple-pion production. It was argued [32] that there must be an
essential contribution of fragmentation processes, which is still underestimated in
the mechanism of particle emission considered in ordinary-type diffraction.
Among such families of rich hadron content, the proper Centauro-type and
Mini-Centauro-type ones have been known in the Chacaltaya experiment as the
extreme case in which none or very few gamma rays are emitted at the interaction.
The phenomenological constants governing the interactions, such as multiplicity of
hadrons and their production PT, are well defined, and the concept of “baryonic
fire-balls” has been proposed [21.This means that in those phenomena the exotic
fire-balls are produced by the direct transformation of the incident baryons,
instead of being generated out of the vacuum via the mediating field, and that they
decay into baryons without accompanying gamma rays. A new type of diffraction
phenomena was suggested by Goulianos in 1986 on the interpretation of Centauro
type interaction [33]. If we adopt such a viewpoint, the wide dispersion of families
of rich hadron composition in the scatter plot of Nh vs. Qh indicates that we
observed Centauro-type and Mini-Centauro-type interactions which occurred at
various altitudes, and gamma rays are produced, via decay of iT°mesons, by
successive decendent interactions with air nuclei during the passage through the
atmosphere.
As the family energies get even higher, we encounter the phenomena called
“halo” which are often associated with superfamilies with ~ ~ 1 000 TeV, and
we found that they show a variety of core configurations and penetration charac-
teristics. in order to explore the origin of such “halo” phenomena, it seems to be
absolutely necessary to observe the very early stage of particle production, before
rapid electromagnetic degradation processes take place. Following the result of a
systematic study of such “halo”-type events by the Pamir group, it was reported
that comparatively small “halos” with energy not greater than 1 000 TeV often
show a behaviour consistent with electron—photon cascades. A large part (-~30%)
of the energy is carried by particles with energies lower than the threshold of
registration as separated shower spots in the X-ray film observation. It was
reported also, in refs. [3,34—36],that “halo” production is possible by one or a few
high-energy gamma rays produced by ordinary interaction or by fragmentation
processes at the interaction. Besides, it was observed in the experiment with the
use of the Pamir deep lead chambers that beneath the “halo” area there were also
hadrons detected possessing around one half of the total hadron energy on
average, which is consistent with model calculations [37,38].
In the present paper we have made an analysis of shower clusters of small
spread in the Pamir-Joint-Chambers and in the Chacaltaya chambers, which are
considered to be at the precursory stage of the “halo”. It was found that the
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frequency of observation of these events is significantly larger than a simple
fluctuation of the ordinary-type interactions, and that they show similar character-
istics with huge “halo” phenomena, such as a strong concentration of the energy in
a very small angular range. Furthermore, they often possess strong penetrating
power through the chamber material, which is difficult to explain when assuming a
pure gamma ray and/or electron origin.
In the Chacaltaya chambers, a systematic study of such special shower clusters
of the energy range 100—1 000 TeV has been carried out in full detail through
microscopic observations of nuclear emulsion plates. The result shows that there
exist two types of high-energy shower clusters which we called the “single-cluster
(or uni-halo)” type and the “multi-cluster (or multi-halos)” type, respectively. The
“single-cluster” type is considered to be an element of such a special shower-clus-
ter phenomenon. The multiplicity of the produced secondaries at the interaction in
such “single-cluster” type is not large, several on average, and the production p(7)
is small, an order of 10 MeV/c, which is much far smaller than for ordinary-type
meson production, this seems to indicate a new characteristic constant governing
this high energy and narrowly collimated shower cluster phenomenon. In view of
the large penetrating power and the isolated nature of these examples, none of
them could be attributed to gamma rays via ir°-mesons. In fact, they are the
continuation of incident baryons, indicating the appearance of a new proper type
of fragmentation phenomena in the forwardmost angular region of the order of
106 radian or much smaller. Thus it is natural to consider the “multi-cluster”
type to be an ensemble of such “single-cluster” types. Even though such a detailed
analysis, performed in the Chacaltaya chambers, is not possible in the Pamir
chambers because of the absence of nuclear emulsion plates, it will be possible to
obtain additional information on the absorption characteristics of “halos” in the
Pamir thick-lead chambers, some of which have a thickness of more than 1 m of
lead and in which X-ray films are inserted in a multi-layered way.
The spectacular giant “halo” will be the extension of these shower-cluster
phenomena up to much higher energies and higher altitudes of production. Of
course, since the energy range of the spectacular “halo” phenomena, exceeding
l0~TeV or more, is much higher than the energy scale of the present study on
shower-cluster phenomena, we might expect that still unrevealed nature will be
lying behind the phenomena, and the present understanding might be only one of
the possibilities. The increase of statistics of such extremely high energy phenom-
ena is urgently required. In the present situation it should be noted that the
general characteristics of the interactions seems to be envincive through the study
of particle compositions in such extremely high energy families, even from the
study of the off-halo part. The present experimental results indicate that these
superfamilies have a rich hadron content and large production PT~
Recently, a new preliminary result has been reported on the indication of a
change of the characteristics of the hadronic interaction by the Tien-Shan experi-
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ment [39],in which a combined measurement of cosmic-ray interactions was
performed, i.e. the total number of electrons by air-shower array, and the measure-
ment of the high-energy gamma-ray component by the X-ray chambers at Tien-Shan
altitude. The authors reported that the fractional energy spectrum of high-energy
gamma rays to the respective primary cosmic-ray energies, which are estimated
from the total number of electrons, changes its shape at around i0~TeV. Since
the observed energies of the majority of the gamma-ray families in their experi-
ment range from several tens to a few hundreds TeV, we expect that the majority
of the cosmic-ray families of visible energy greater than 100 TeV, studied in this
article, could be beyond the threshold where the novel nature of the hadronic
interaction is appreciably recognized.
The collaboration experiment is supported by the Nuclear Division of Academy
of Science, USSR. Also, the collaboration experiment is financially supported in
part by Grand-in-Aid from the Ministry of Education, Science and Culture in
Japan, Waseda University and Institute for Cosmic-Ray Research, University of
Tokyo in Japan, and Conselho Nacional para o Desemvolvimento Cientifico e
Technologico, Fundacao de Amparo a Pesquisa do Estado de Sao Paulo in Brasil.
The authors would like to express their gratitude to the members of the Pamir
expedition for the construction of the joint chambers.
Appendix A. A study of the transition behaviour of shower spots in the Pamir joint
chambers by simulation calculations
Since the present paper is concerned with the characteristics of the transition
behaviour of high-energy showers in the cosmic-ray families in the Pamir joint
chambers, it is of importance to understand the shower development of gamma
rays in the chamber material, including the fluctuation problem. In the case of the
Pamir carbon chambers which are composed of various different materials as
shown in fig. 1, it is naturally expected that the shower particles may develop in a
special manner through these material. In order to see the global behaviour of
shower development and its fluctuation caused by the interposed carbon layer, we
present here the results of the simulation calculations of shower development
carried out following the algorithm developed by Shibata [7],which has been
invented to save computing time and is applicable to any structure of the material.
The average behaviour of shower development has already been presented in sect.
2 for the case of e±e — pair incidence upon the chamber in which we see some
discontinuity in the transition curve due to interposed carbon layer. We see there
that, the lower the energy is, the larger the break of shower transition becomes in a
measurement of a square slit of 200 j.tm x 200 ~tm.
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Fig. A.1 Examples of shower transition for simulated gamma rays. (a) E5 = lt) TeV (70 gamma rays), (b)
= 20 TeV (40 gamma rays), (c) E5 = 50 TeV (30 gamma rays) and (d) E5 = 100 TeV (20 gamma
rays). The solid curve is an average shower transition of gamma rays for a uniform lead chamber.
Figs. A.la—A.ld give the results of the simulation calculation for the case of
gamma-ray incidence upon the chamber with several different energies:
Fig. A.la E0 = 10 TeV, 70 cases
Fig. A.lb E0 = 20 TeV, 40 cases
Fig. A.ic E0 = 50 TeV, 30 cases
Fig. A.ld E0 = 100 TeV, 20 cases.
The darkness on X-ray films depends on the film sensitivity when transforming
the numbers of electrons into darkness in X-ray films. Here we assume the
sensitivity of the X-ray films used for joint chambers P2, P3 and P5.
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Fig. A.1 (continued)
The solid curve in the figures show the average shower transition fitted to the
points in the 1-block and extrapolated down to the H-block assuming the uniform-
ity of the lead. First one sees that the fluctuation of the shower starting-point
becomes larger for higher energies because of the so-called Landau effect which
has been taken into account in the simulation algorithm. In the case of showers
which have already developed in the 1-block, on average almost all the spot
darkness in the H-block turns out to be much lower than expected from the case of
uniform lead. Only if the showers start deep inside the F-block, they can exceed
the expected spot darkness in the H-block.
In the practical case, the threshold of spot darkness, Dth, is around 0.1 as shown
by the broken line drawn horizontally in the figure. From this one can conclude
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that, on average, most of the shower spots found in the F-block can not be
detected in the H-block for lower energy showers, and particularly so in X-ray
films of the joint chamber P3’ which has a moderate sensitivity compared to P2, P3
and PS. Actually there are some showers which are not observed in the H-block in
spite of the fairly large spot darkness observed in the 1-block (corresponding to an
order of 50 TeV). The simulation calculation shows that the spot darkness of such
high energy should be much larger than DIh in the H-block, suggesting that those
showers consist of a narrow bundle of electromagnetic particles, but are not due to
a single gamma ray of high energy.
Appendix B. Parameters in simulation calculations
We give some complements on the parameters used in simulation calculations
which are not referred to in the discussions of sect. 3. Each algorithm has its own
parameters.
B.1. ENERGY DEPENDENCE OFTHE ATTENUATION LENGTH OF COSMIC-RAY BARYONS
Fig. B.1 gives the energy dependence of the attenuation length of cosmic-ray
baryons used in the five algorithms discussed in the text, measured in units of
g/cm2. Three models [Model 1 (UA-5), Model 2 (F00) and Model 4 (Fire-ball)]
produce the same values and have a similar energy dependence, while Model 3
(MSF) of the Pamir group shows a little slower energy dependence. Model 5 (MO)
has special characteristics as given in the text, and gives a significantly shorter
attenuation length due to the large inelasticity coefficient. In the calculation, the
attenuation mean free path, Aatt, is given by the relation ~katt = ~kp~air/(1/(1 —
150 I I I I
E
50 model-5
10 102 I I I IE
0 (TeV)
Fig. B.l Energy dependence of attenuation mean free path of cosmic-ray baryons used in simulations
calculations of various models.
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K)T>), where Ap.air is given by the formula in the text, K is the inelasticity
coefficient and y = 1.7 denotes the power index of the integral primary energy
spectrum.
B.2. DISTRIBUTION OF GAMMA-RAY INELASTICITY
The gamma-ray inelasticity, k5, gives the conversion factor of energy of the
hadrons into the energy of the gamma-ray component. The following formula is
commonly used as the generating function of
f(k5) dk5= /3(1(a)) .(~) exp(k~//3)dk5. (B.1)
The parameters a and /3 are determined to reproduce the ky-distribution ob-
tained by simulation calculations according to the algorithm of each model. The
numerical values of a, /3 and resulting (k5> are as follows:
a = 1.05, /3 = 0.145, (ky> = 0.15 model 1, model 2,
a = 0.8, /3 = 0.2, (km> = 0.16 model 3,
a = 1.30, /3 = 0.14, (k5> = 0.18 model 4.
The distributions of k5 sampled from the above 1-distribution for each model are
shown in fig. B.2 for (A) Model 1, (B) Model 3 and (C) Model 4, respectively. The
average value, (ky>, which governs the family behaviour is almost the same.
1.0 III 111111 t.0 I I
F-diotributioIl I r-dislribution
flk-tIdkI=i/Il 170211 Ik.IIlI_lcCPI_k7/l) dk(
=I.30, 1=0.14 —. <to-p.—0.10 for modeI.4IF,rIl-b~III)
a=I.05, 1=0.145 * ekl,.=O.I5 for modcl-tIUA5I
~OilI~Ii off’ 1.0 o~0~o6~o:: 1.0
F.diotribulion
a=0.8, 1.2 ~ a~-0.=0.I6 for model-3IMSF)
10
Fig. B.2 Distribution of gamma-ray inelasticity k5, sampled from the F-distribution in simulation
calculations of (a) Model 1, (b) Model 3 and (c) Model 4.
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Fig. B.3 The same as fig. 12b for simulated families of(a) Model 2, (b) Model 3 and (c) Model 4.
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B.3. Nh-Qh RELATION SEEN IN SIMULATION CALCULATIONS
As a complement of subsect. 4.1, we give here the correlation diagram between
Nh and Qh for simulated families of three different models, except Model 1 which
has already been shown in fig. 12b. Here we select the families with (E ~R ‘~> 300
GeV m. Fig. B.3 shows the results for (A) Model 2, (B) Model 3 and (C) model 4.
We see that these four models [includingfig. 12b in the text] show approximately
the same distributions. Furthermore, one finds large differences from the observa-
tional data shown in the text [fig. 12a] where a large fraction of the observed
families show a hadron-rich character in either number, or in energy fraction, or in
both.
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